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Abstract 

Numerous  bioremediation  projects  have  proven  effective  in  accelerating 
contaminant  biodegradation  by  injecting  oxygen  into  the  soil  with  a  technique  called 
bioventing.  In  cold  climates,  in  situ  bioremediation  is  limited  to  the  summer  when  soil 
temperatures  are  sufficient  to  support  microbial  growth.  Laboratory  studies  directly 
correlate  increased  biodegradation  rates  with  temperature.  Raising  soil  temperatures  can 
accelerate  jet  fuel  remediation  which  was  shown  by  a  bio  venting  project  conducted  in 
1991  at  Eielson  AFB,  Alaska,  where  three  soil  warming  techniques  were  used.  Two 
methods  actively  warmed  the  soil  -  warm  water  circulation  and  heat  tape;  the  other 
passively  warmed  the  plot  with  insulatory  covers.  Microbial  respiration  (O2 
consumption)  at  the  test  plots  was  compared  to  an  uncontaminated  area  and  an  unheated, 
contaminated,  control  plot.  This  study  critically  analyzed  the  project  data  to  determine 
the  effectiveness  of  enhancing  biodegradation.  This  study  also  modeled  the  temperature- 
biodegradation  relationship  at  the  test  plots  using  the  van’t  Hoff-Arrhenius  equation. 
Using  paired  oxygen  consumption  rates  and  temperatures,  the  equation  was  valid  only  for 
the  warm  water  and  passive  warming  plots.  This  study  demonstrated  that,  in  cold 
climates,  bioremediation  is  feasible  and  can  be  enhanced  by  soil  warming.  Soil  warming 
can  decrease  remediation  time  with  acceptable  cost  increases. 


IX 


IN  SITU  SOIL  WARMING  AND  SOIL  VENTING  TO 


ENHANCE  THE  BIODEGRADATION  OF  JP-4  IN  COLD 
CLIMATES:  A  CRITICAL  STUDY  AND  ANALYSIS 


I.  Introduction 


1.1  General  Issue 

A  major  problem  facing  the  world  today  is  the  extent  of  soil  and  ground  water 
contamination  from  hazardous  and  toxic  chemical  spills.  The  National  Priority  Listing 
contains  more  than  1200  contaminated  sites,  and  potentially  more  than  32,000  sites  could 
be  listed.  A  significant  number  of  the  nation’s  7  million  underground  storage  tanks  may 
also  be  leaking  (Baker,  1).  The  handling  and  transport  of  huge  volumes  of  petroleum 
products,  approximately  800  billion  gallons  per  year,  is  a  frequent  source  of 
contamination  of  groundwater  systems  (Chapelle,  322).  The  costs  for  contamination 
cleanup  are  taking  an  increasing  portion  of  the  government’s  budget.  In  fiscal  year  1993, 
the  Department  of  Defense  set  aside  $1.2  billion  for  cleanup  projects  with  another  $444 
million  designated  for  military  bases  scheduled  for  closure.  The  DoD’s  restoration 
priority  list  contains  about  12,000  sites  at  active  military  installations  worldwide  (Kim  et 
al.,  31).  The  importance  of  finding  low  cost  solutions  to  historically  expensive  cleanup 
efforts  cannot  be  overstated.  Recently,  bioremediation  has  emerged  as  an  acceptable  low 
cost,  low  intensity  technique  in  remediating  biodegradable  contamination  present  in 
groundwater  and  soil. 
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1.2  Specific  Problem 

Many  bioremediation  projects  have  limited  success  due  to  restricted  levels  of 
oxygen  and  conditions  for  microbial  growth.  Since  1990,  numerous  projects  and 
laboratory  studies  have  focused  on  providing  oxygen  to  facilitate  microbial  activity.  As  a 
result,  a  technique  called  bioventing  has  been  discovered  and  found  effective  in 
delivering  oxygen  into  the  soil.  However,  providing  sufficient  oxygen  does  not  guarantee 
success  for  every  bioremediation  project,  especially  in  colder  climates.  At  the  northern 
latitudes,  bioremediation  is  restricted  to  the  summer  months  when  soil  temperatures  reach 
a  level  conducive  for  microbial  activity.  With  many  oil  spills  from  defense  and  oil 
exploration  activities,  biodegradation  of  petroleum  contamination  in  arctic  environments 
may  be  enhanced  by  increasing  and  maintaining  higher  soil  temperatures.  Before  1991, 
no  bioremediation  project  had  been  attempted  that  maintain  conditions  sufficient  for 
microbial  activity  in  the  winter  months.  Although  the  technical  protocol  for  bioventing 
had  not  yet  been  developed  in  1991,  project  managers  for  a  JP-4  jet  fuel  contamination 
site  at  Eielson  AFB  took  a  bold  step  when  they  began  their  bioremediation  efforts  in  a 
year-round  cold  climate  application. 

Temperature  is  an  important  variable  in  the  sub-surface  environment.  Given 
sufficient  oxygen,  increasing  soil  temperature  to  an  optimal  level  will  enhance 
biodegradation.  This  was  a  central  focus  of  the  Eielson  AFB  project.  There,  project 
managers  employed  three  different  heating  methods  to  warm  the  soil  with  all 
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contaminated  plots  being  biovented.  These  methods  --  warm  water,  passive  warming, 
and  heat  tape  —  were  compared  to  a  contaminated  control  plot  and  an  uncontaminated 
background  area.  Nearly  all  plots  were  installed  in  July  1991  with  the  initial  goal  of 
comparing  the  effectiveness  of  active  versus  passive  warming  methodologies.  In  summer 
1992,  the  U.S.  Environmental  Protection  Agency  became  more  involved  with  the  project 
by  funding  the  surface  warming  technique. 

This  thesis  examines  the  effectiveness  of  the  soil  warming  techniques  on  raising 
soil  temperatures  and  enhancing  biodegradation.  Additionally,  other  passive  and  active 
soil  warming  techniques  will  be  reviewed.  Soil  warming  techniques  involve  heating  soils 
to  temperatures  lower  than  40  °C.  This  should  not  be  confused  v^th  soil  heating  or  other 
thermal  technologies,  in  situ  and  ex  situ,  which  heat  soils  to  temperatures  much  greater 
than  50  °C. 

The  principle  objective  of  the  Air  Force  study  at  Eielson  AFB  was  to  operate  an  in 
situ  bioremediation  project  in  a  subarctic  environment  while  examining  the  feasibility  of 
using  bioventing  technology  to  remediate  JP-4  jet  fuel  contamination.  EPA  objectives 
were  to  actively  increase  soil  temperature  and  determine  to  what  extent  higher 
temperatures  improve  biodegradation  rates.  Together,  the  Air  Force  and  EPA  sought  to 
maximize  the  biodegradation  of  JP-4  while  minimizing  its  volatilization  and  subsequent 
air  emissions  (Battelle,  2).  Using  data  from  the  Eielson  AFB  project,  the  biodegradation 
rate  and  temperature  relationship  wdll  be  explored.  Additionally,  several  bioremediation 
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case  studies  in  the  arctic  and  other  relevant  research  will  be  discussed  that  are  related  to 


soil  temperature  and  biodegradation  in  cold  climates. 


1.3  Research  Objectives 

The  objectives  of  this  research  are  as  follows: 

(1)  Investigate  the  relationship  between  soil  temperature  and  the  hydrocarbon 
biodegradation  rate  using  data  from  a  project  completed  at  Eielson  AFB,  Alaska 
where  bioventing  was  coupled  with  soil  warming. 

(2)  Investigate  the  efficacy  of  different  warming  techniques  to  increase  soil  temperature 
and  remediate  JP-4  contamination. 

(3)  Review  in-situ  active  and  passive  heating  techniques  to  increase  hydrocarbon 
biodegradation  rate.  Active  techniques  include  heated  air  injection,  heated  water 
injection,  and  electric  tape.  Passive  methods  include  soil  covers,  irrigation,  tilling, 
vegetation,  composting,  and  solar  energy. 

(4)  Examine  effectiveness  of  bioremediation  efforts  in  cold  climates. 

(5)  Examine  the  cost  and  remediation  effectiveness  of  techniques  utilized  at  Eielson 
AFB,  Alaska. 


1.4  Abbreviations  Used  in  this  Study 


°c 

degrees  Celsius 

OF 

degrees  Fahrenheit 

AFB 

Air  Force  Base 

BTEX 

Benzene,  Toluene,  Ethylbenzene,  and  Xylene  compounds 

cm 

centimeter 

CRREL 

Cold  Regions  Research  and  Engineering  Laboratory  (U.S.  Army  Corps  of 
Engineers) 

DDT 

Dichlorodiphenyl  trichloroethane 

DoD 

Department  of  Defense 

DOE 

Department  of  Environment  (State  of  Alaska) 

ft 

feet 
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Hz  Hertz 

GHz  Gigahertz 

ISRT  In  Situ  Respiration  Test 

kcal  kilocalorie 

km  kilometer 

1  liter 

m  meter 

min  minute 

PCB  Polychlorinated  Biphenyl 

PCE  Perchloroethylene 

RF  Radio  Frequency 

SVE  Soil  Vapor  Extraction 

TCE  Trichloroethylene 

TPH  Total  Petroleum  Hydrocarbons 

TVH  Total  Volatile  Hydrocarbons 

Vadose  Zone  The  unsaturated  soil  between  the  surface  and  the  saturated  zone 
VOC  Volatile  Organic  Compounds 

W  Watt 
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11.  Literature  Review 


2.1  Bioremediation 

A  principal  advantage  of  bioremediation  is  that  wastes  are  treated  permanently 
thus  eliminating  long-term  liability.  The  fundamental  principle  of  bioremediation  is  the 
conversion  of  organic  wastes  into  CO2,  CH4,  and  inorganic  salts.  In  order  to  successfully 
bioremediate  a  site,  sufficient  oxygen,  nutrients,  and  moisture  must  be  present  in  the  sub¬ 
surface  (Charbeneau,  117).  Bioremediation  is  a  biochemical  reaction  mediated  by 
microorganisms  naturally  occurring  in  the  sub-surface.  These  microorganisms  are 
predominantly  bacteria  that  degrade  contaminants  by  gaining  energy  in  the  process 
allowing  them  to  grow  and  reproduce.  In  an  oxidation-reduction  reaction,  the 
microorganisms  gain  energy  by  breaking  chemical  bonds  and  transferring  electrons  from 
the  source  contaminant  to  an  electron  acceptor,  preferably  oxygen  (National  Research 
Council,  18).  Although,  reactions  may  occur  anaerobically,  the  level  of  oxygen  present 
in  the  aquifer  has  been  identified  as  a  rate-limiting  variable.  Otherwise,  an  anoxic 
dependency  on  alternate  electron  acceptors  such  as  nitrate,  sulfate,  or  carbon  dioxide  will 
exist  (Charbeneau,  117).  Furthermore,  the  anaerobic  degradation  of  petroleum 
hydrocarbons  occurs  at  much  lower  rates  (Leahy  and  Colwell,  307). 

Aerobic  degradation  is  preferred  since  more  energy  is  available  for  utilization  by 
microorganisms.  The  chemical  equation  for  the  aerobic  mineralization  of  hexane  (C6H]4) 
follows: 


6 


Q +  9.5(92  ^  6C(92  +1H^0  (1 ) 

Equation  (1)  indicates  that  bioremediation  is  shown  by  an  increased  concentration  of 
inorganic  carbon  present  as  CO2  and  decreased  levels  of  oxygen  and  hexane  (National 
Research  Council,  23).  By  converting  the  reactants  from  moles  to  grams,  3.54  grams  of 
oxygen  is  required  to  mineralize  each  gram  of  hexane  present. 

Bioremediation  is  only  viable  for  those  contaminants  that  are  biodegradable.  The 
following  table  shows  the  biodegradability  of  several  organic  hazardous  wastes  (Leahy 
and  Brown,  109): 


Table  1:  Biodegradability  of  Organic  Hazardous  Wastes 


Readily  Degradable 

Moderately  Degradable 

Hard  To  Degrade 

Gasoline 

#6  Oil 

TCE 

Jet  Fuel 

Crude  Oils 

PCE 

Diesel  Fuel 

Lubricating  Oils 

Vinyl  Chloride 

Toluene 

Coal  Tars 

PCBs 

Benzene 

Creosotes 

DDT 

Isopropyl  Alcohol 

Pentachlorophenol 

Chlordane 

Methanol 

Nitrobenzene 

Heptachlor 

Acetone 

Aniline 

Ketones 

Long-chain  aliphatics 

Phenols 

Phthalates 

Acrylonitrile 

As  indicated  above,  medium  fuel  petroleum  distillates,  such  as  jet  fuel  and  diesel  fuel,  are 
biodegradable  if  natural  microorganisms  are  not  limited  by  oxygen  or  nutrients  (Atlas, 
429).  Bioremediation  of  a  site  is  often  an  impossible  task  and  there  are  many  limiting 
factors.  Given  sufficient  oxygen,  temperature  and  moisture  content  seem  to  be  the 
principal  constraints  for  success.  There  have  been  numerous  success  stories  of 
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contaminant  clean-up  by  using  bioremediation  techniques  and  several  will  be  discussed 
here. 

2.2  Bioventing 

Bioventing  has  emerged  as  a  technique  to  provide  oxygen  to  the  sub-surface. 
Bioventing  applications  deliver  oxygen  to  unsaturated  soils  by  injecting  air,  thus 
enhancing  the  biodegradation  of  organic  contaminants  (Fredrickson,  1714).  Because 
oxygen  is  typically  a  limiting  factor  in  soil,  bioventing  has  been  proven  to  be  an  efficient 
and  cost-effective  means  of  delivering  sufficient  oxygen.  In  fact,  the  limiting  factor  for 
the  microorganisms  may  eventually  become  the  contamination  due  to  its  unavailability  or 
low  concentration  (Reisinger  et  al.,  46).  Although  bioventing  can  enhance  groundwater 
remediation  by  increasing  dissolved  oxygen  levels,  it  is  primarily  an  in-situ  soil 
remediation  technique  (Miller  ( 1 993),  1 ).  Bioventing  is  similar  to  other  soil  venting 
processes  such  as  soil  vacuum  extraction,  soil  gas  extraction,  or  in  situ  soil  stripping. 

Soil  venting  maximizes  volatilization  of  low  weight  compounds  whereas  “bioventing  is 
designed  to  maximize  biodegradation  of  any  aerobically  biodegradable  compoimd, 
regardless  of  molecular  weight,  while  minimizing  volatilization”  (Leeson  et  al.,  284). 
Using  lower  flow  rates,  bioventing  combines  the  advective  soil  venting  processes  with 
biodegradation.  With  bioventing,  biodegradation  is  the  primary  remediation  mode  with 
advective  venting  a  minor  component  (Reisinger  et  al.,  45,47). 
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Bioventing  has  been  proven  to  be  a  successful  method  to  clean-up  numerous  sites 
in  the  temperate  and  subtropical  regions  of  the  United  States  (Ong  et  al.,  444).  Its 
objective  is  to  engineer  an  oxygen  flow  rate  that  maximizes  biodegradation  and  meets  the 
microbial  oxygen  demand  while  minimizing  VOC  emissions.  An  air  flow  rate  too  high 
may  volatilize  the  contaminant  and  produce  unwanted  aboveground  emissions.  For 
shallow  contamination,  uncontrolled  migration  of  VOCs  may  result  from  even  low  levels 
of  air  injection.  If  emissions  are  too  high,  project  managers  may  be  forced  to  capture  and 
treat  the  off-gases  before  their  release  into  the  environment.  The  efficiency  of  bioventing 
is  improved  by  a  long  air  flow  path,  large  volume  of  soil  contact,  and  a  high  vapor 
retention  time  in  the  soil.  By  increasing  vapor  retention  time,  aboveground  treatment  of 
the  off-gas  becomes  uiuiecessary  (Newman  and  Martinson,  280). 

Bioventing  is  not  only  a  less  expensive  clean-up  technique,  it  decreases  the 
remediation  time  by  reaching  contamination  deep  in  the  ground.  This  has  been 
demonstrated  by  a  project  at  Hill  AFB,  Utah.  There,  bioventing  was  conducted  at  depths 
of  35  to  95  feet  with  average  biodegradation  rates  of  36  to  360  mg/kg  soil/year 
(Fredrickson,  1715).  Bioventing  is  most  effective  in  remediating  medium  weight  fuels 
with  a  low  to  medium  volatility,  such  as  jet  fuel.  A  site  contaminated  with  jet  fuel  will 
require  less  bioventing  time  than  one  with  a  fuel  such  as  diesel  (Brar,  127). 

Bioventing  is  a  preferred  cost-effective  alternative  to  deliver  oxygen  since 
ambient  air  is  20.9%  oxygen  and  available  at  virtually  no  cost.  The  level  of  oxygen 
demand  for  biodegradation  of  a  hydrocarbon  contaminant  varies  by  the  degree  of  fuel 
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saturation  in  the  soil  and  the  amount  of  carbon  fixed  as  biomass,  as  well  as  the  amount  of 


carbon  completely  oxidized  to  carbon  dioxide.  Conservative  estimates  for  oxygen 
demand  assume  that  all  carbon  is  oxidized  to  carbon  dioxide  (Newman  and  Martinson, 
284).  Complete  degradation  of  a  pound  of  hydrocarbons  requires  3  to  3.5  pounds  of 
oxygen.  To  deliver  one  pound  of  oxygen,  60  of  air  is  required  (Leahy  and  Brown, 
108).  Furthermore,  delivering  oxygen  to  the  soil  matrix  by  air  injection  distributes 
oxygen  more  efficiently  than  relying  on  water  as  an  oxygen  source  due  to  the  higher 
diffusivity  and  lower  coefficient  of  friction  of  air  (Reisinger  et  al.,  47).  Having  limited 
solubility  in  water,  O2  rapidly  becomes  limiting  in  the  presence  of  excess  biodegradable 
organic  carbon  (Fredrickson,  1712). 

Another  method  to  deliver  oxygen  is  the  injection  of  water.  However,  it  is 
extremely  difficult  to  deliver  sufficient  oxygen  to  a  contaminated  site  by  using  water.  An 
enormous  volume  of  water,  approximately  80,000  kg,  would  be  required  to  degrade  1  kg 
of  hydrocarbon  given  a  concentration  of  40  mg/1  of  dissolved  oxygen  in  water  (Reisinger 
et  al.,  46).  Compared  to  a  stoichiometric  ratio  of  water  to  hydrocarbon  of  over  1 0,000: 1 , 
only  5.9  kg  of  air  is  required  to  provide  minimum  oxygen  (Leeson  et  al.,  285). 
Furthermore,  low  permeability  soils  inhibit  the  flow  of  water  through  a  site  thereby, 
preventing  oxygen  from  reaching  much  of  the  microbial  population.  In  a  typical  1  m^  of 
dry  sand  having  a  porosity  of  0.4  and  contaminated  with  10,000  mg/kg  of  hexane,  6056 
m^  or  15,500  pore  volumes  of  water  is  required  to  aerate  each  m^  of  contaminated  soil 
with  oxygen  saturated  water  (Miller  (1990),  26).  In  the  past,  other  means  such  as 


10 


hydrogen  peroxide  have  been  used  to  deliver  oxygen  to  the  soil.  In  a  hydrogen  peroxide 
solution  of  500  mg/1,  the  volume  of  water  required  is  reduced  to  approximately  13,000  kg 
per  1  kg  of  hydrocarbon  (Reisinger  et  al.,  46).  Numerous  studies  have  concluded  that  the 
rapid  decomposition  of  hydrogen  peroxide  makes  it  a  poor  source  of  oxygen. 

Bioventing  is  the  most  effective  technique  to  provide  oxygen  to  the  sub-surface 
for  an  in  situ  bioremediation  project.  It  is  calculated  that  given  21  %  oxygen  in  air  and  9 
mg/L  in  water,  air  “has  a  twenty-fold  greater  oxygen  content  on  a  mass  per  unit  volume 
basis”  and  is  much  less  viscous  than  water  (Miller  (1990),  33).  Miller  was  involved  in 
developing  the  Air  Force  test  plan  and  technical  protocol  used  in  a  field  treatability  test 
for  bioventing.  He  asserts  that  bioventing  has  shown  great  effectiveness  for  BTEX 
compoimds  but  mixed  results  for  TPH.  He  states  that  bioventing  is  feasible  in  most  soils; 
however,  temperature  may  be  the  greatest  stimulant  to  biodegradation  (Miller  (1995)). 

As  a  result  of  his  efforts,  the  Air  Force  launched  a  bioventing  initiative  in  April  1992  to 
test  its  effectiveness  at  55  contaminated  sites.  This  effort  was  endorsed  by  the  senior 
leadership  of  Air  Force  Civil  Engineering  and  the  U.S.  EPA. 

As  stated  before,  bioventing  has  been  shown  to  be  a  low-cost  remediation 
technique.  Soil  vapor  extraction  costs  at  a  test  site  at  Patrick  AFB,  Florida,  were  $345 
per  day  with  cost  per  kilogram  of  TVH  destroyed  ranging  from  $0.88  to  $16.32.  After 
the  site  was  converted  to  a  bioventing  application,  costs  decreased  to  $33  per  day. 

Project  managers  point  out  that  despite  the  additional  time  required  for  remediation,  10 
months  of  bioventing  can  be  completed  for  the  same  cost  as  one  month  of  SVE  (Downey 
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et  al.,  256).  Based  on  numerous  Air  Force  projects,  bioventing  costs  are  within  $10-$50 
per  cubic  yard.  For  sites  with  over  10,000  cubic  yards  of  contaminated  soil,  costs  less 
than  $10  can  be  achieved.  Similarly  for  very  small  sites,  higher  costs  may  result  (Miller 
(1993),  12). 


2.3  Temperature  and  Biodegradation  Rate  Relationship 

The  presence  of  bacteria  is  limited  by  numerous  factors  in  the  abiotic 
environment:  water  content,  soil  temperature,  pH,  electron  acceptors,  and  other  nutrients. 
Soil  temperature  is  a  key  element  for  the  success  of  a  bioremediation  project.  Microbial 
life  is  supported  by  a  series  of  enzymatically  catalyzed  chemical  reactions.  As 
temperature  increases,  the  rates  of  these  chemical  reactions  tend  to  increase.  The 
enzymes  and  nucleic  acids  that  catalyze  these  reactions  are  both  heat-sensitive. 
Furthermore,  excessive  heat  will  alter  the  structure  of  nucleic  acids  distorting  stored 
information  in  the  microorganism.  A  microorganism’s  suitable  temperature  range  is 
defined  by  the  curve  shown  in  Figure  1  below  which  contains  three  values  called  cardinal 
temperatures  and  describes  the  organism’s  growth  rate  versus  temperature  (Chapelle,  52- 


53). 


Growth 

Rate 


12 


Figure  1:  Growth  Rate  versus  Temperature 


1.  Temperature  minimum  is  the  lowest  temperature  that  the  organism  can  survive  and 
grow.  Above  this  point,  growth  rate  will  increase. 

2.  Temperature  optimum  is  the  temperature  at  which  the  organism’s  maximum 
growth  rate  occurs.  At  higher  temperatures  the  growth  rate  decreases. 

3.  Temperature  maximum  is  the  highest  temperature  at  which  the  organism  can  grow 
(Chapelle,  52-53). 

Microorganisms  are  classified  by  the  range  of  their  cardinal  temperatures.  Those 
with  a  low  cardinal  temperature,  0-20  °C,  are  called  psychrophiles  and  are  typically 
found  in  cold  environments  and  ocean  floors.  At  temperatures  below  freezing,  microbial 
cells  become  inactive  and  ice  crystals  may  form.  Cellular  structures  and  membranes  may 
be  disrupted  by  freezing  which  could  kill  the  organism.  In  laboratory  analysis,  rapid 
freezing  techniques,  which  prevent  ice  crystal  formation,  are  utilized  to  preserve 
organisms.  The  most  common  type  of  organisms,  mesophiles,  have  a  temperature  range 
of  20  to  40  °C.  With  a  body  temperature  of  37  °C,  this  is  also  the  preferable  range  for 
humans.  At  environmental  temperatures  above  45  °C,  thermophiles  exist  with  an 
optimum  range  of  55  to  60  °C  (Chapelle,  52-53). 

Extremely  hot  or  cold  temperatures  will  prevent  bacteria  from  surviving.  Most 
soil  bacteria  are  adapted  to  temperatures  ranging  from  10  to  15  °C.  Above  30  °C,  they 
become  inactive  although  some  thermophilic  bacteria  have  been  found  effective  at 
temperatures  above  70  °C  (Leahy  and  Brown,  1 12).  Numerous  laboratory  studies  have 
shown  that  biodegradation  rates  are  inhibited  at  temperatures  as  low  as  5  °C  (Baker,  217). 
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However,  it  is  reported  that  a  bacteria  isolated  from  a  petroleum-contaminated  soil  in 
Antarctica  was  capable  of  actively  degrading  hydrocarbons  at  1  °C  (Baker,  13).  At  the 
project  conducted  at  Eielson  AFB  soil  temperatures  were  increased  from  4  to  35  °C.  This 
temperature  increase  did  not  detrimentally  affect  the  microbial  population.  This  is  an 
interesting  observation.  One  would  think  that  the  psychrophilic  microorganisms 
indigenous  to  the  cold  Alaskan  sub-surface  could  not  cope  vdth  a  soil  temperature 
increase  of  this  magnitude.  Instead,  as  illustrated  later,  the  project  showed  that  increased 
soil  temperatures  resulted  in  higher  microbial  respiration  rates.  It  is  not  surprising  that 
the  microorganisms  cope  with  this  temperature  change.  By  developing  a  different  set  of 
enzymes,  the  microbes  become  able  to  survive  \vith  the  change  when  they  are  not  prone 
to  function  metabolically.  Enzyme  changes  may  be  induced  by  the  availability  of  food  or 
changes  in  the  envirorunent,  which  must  occur  in  order  for  the  organism  to  survive.  This 
project  is  one  of  many  ongoing  in  Alaska  but  the  others  only  occur  in  the  summer  months 
when  ambient  conditions  are  suitable  for  microbial  activity  to  degrade  petroleum 
contaminant  products. 

For  oil  spills,  oil  viscosity  increases  at  lower  temperatures,  “volatilization  of  toxic 
short-chain  alkanes  is  reduced,  and  their  water  solubility  is  increased,  delaying  the  onset 
of  biodegradation”  (Leahy  eind  Colwell,  307).  It  is  widely  accepted  that  for  every  10  °C 
increase  “within  the  tolerance  range  of  the  enzyme  results  in  a  doubling  of  activity”  for 
the  microorganism  (Atlas,  219).  This  doubling  of  activity  is  predicted  by  the  van’t  Hoff- 
Arrhenius  equation  which  will  be  discussed  in  greater  detail  later.  Early  results  of  the 
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Eielson  project  demonstrated  that  a  plot  imdergoing  continual  warming  had  a 
biodegradation  rate  of  6  mg/kg/day,  approximately  3  to  4  times  greater  than  those  plots 
imder  ambient  conditions  (Battelle,  97).  These  results  are  consistent  with  other  studies 
which  show  as  much  as  a  quadrupling  of  microbial  activity  for  a  10  °C  temperature 
increase  (Baker,  215).  Conversely,  biodegradation  also  influences  the  soil  temperature  by 
producing  heat.  Complete  oxidation  of  hexane  produces  1 1,500  cal/g.  In  a  study  by 
Miller  and  Hinchee,  biodegradation  generated  heat  at  approximately  12  cal/g  soil.  Heat 
loss  to  hydrocarbon  evaporation  was  about  0.07  cal/g  of  soil  which  could  partially 
explain  the  elevated  soil  temperatures  noted  by  project  managers  during  the  study  (Smith 
and  Hinchee,  7-8).  To  put  this  in  perspective,  the  latent  heat  of  fusion  of  water,  the 
amount  of  heat  liberated  from  water  freezing,  at  atmospheric  pressure  and  0  °C  equals  80 
cal/g.  Conversely,  in  order  to  melt  ice  under  those  same  conditions  would  require  80 
cal/g  of  ice  with  no  change  in  temperature  (Jumikis,  76).  While  heat  generated  by 
biodegradation  may  not  significantly  alter  the  soil  temperature,  evaporation  or 
condensation  may.  For  example,  the  heat  of  vaporization  of  water  at  20  °C  is  590  cal/g 
and  85  cal/g  for  hexane  (Smith  and  Hinchee,  7). 

2.4  Monitoring  and  Measuring  Biodegradation  Activity 

In  developing  a  system  to  measure  bioremediation  performance,  special 
consideration  should  be  given  to  its  design  and  placement.  Monitoring  wells  should  be 
positioned  within  the  plume  and  at  a  depth  such  that  relevant  parameters  are  measured. 
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These  parameters  include:  (1)  individual  hydrocarbon  components;  (2)  dissolved  oxygen; 
(3)  nitrate;  (4)  dissolved  iron;  (5)  redox  potential;  (6)  carbon  dioxide;  (7)  pH;  and  (8)  total 
organic  carbon.  Carbon  dioxide  and  pH  are  monitored  “to  evaluate  the  extent  of  bacterial 
respiration  and  determine  if  conditions  are  suitable  for  biodegradation.”  If  the  pH  falls 
outside  of  the  range  5  to  9,  biodegradation  can  be  inhibited  (Borden,  9-13).  Placement  of 
monitoring  wells  depends  on  a  site’s  spatial  variation  which  is  complicated  by  soil 
heterogeneity,  contaminant  distribution,  and  microbial  distribution.  To  overcome  these 
complications,  extensive  site  characterization  is  required  which  is  performed  by  drilling 
numerous  wells  and  boreholes.  It  is  estimated  that  a  site  with  4  borings  per  acre  and  each 
boring  8  inches  in  diameter  will  allow  characterization  of  only  0.008%  of  the  subsurface 
volume  (Fredrickson,  1711-1712). 

As  stated  earlier,  biodegradation  of  hydrocarbons  is  a  biochemical  reaction  which 
converts  organic  wastes  into  CO2,  CH4,  and  inorganic  salts.  Microorganisms  use  the 
energy  gained  for  cell  maintenance  and  growth;  however,  measurement  of  microbial 
growth  is  impossible  in  field  conditions.  Microbial  oxygen  consumption  and  carbon 
dioxide  production  can  be  estimated  by  subsurface  monitors.  Field  researchers  have 
relied  on  measuring  carbon  dioxide  levels  in  soil  as  an  indication  of  microbial  activity.  If 
increasing  levels  of  CO2  correspond  with  decreasing  levels  of  O2  this  indicates  that 
contaminant  degradation  is  occurring,  i.e.,  the  microbes  are  consuming  O2  while 
producing  CO2.  But,  measurement  of  CO2  may  overestimate  respiration  rates  since 
production  of  this  gas  may  be  due  to  other  factors  (Chapelle,  184-185). 
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Alternate  measures  of  microbial  activity  and  biomass  such  as  heat  output  and 
hydrolysis  measurement  require  more  extensive  monitoring  and  are  of  dubious  accuracy 
(Chapelle,  1 85-186).  Another  monitoring  approach  is  the  measurement  of  the  stable 
carbon  isotope  ratio  in  the  soil  gas  carbon  dioxide.  This  inexpensive  test  can  distinguish 
CO2  produced  by  degradation  from  that  produced  by  other  biotic  activities.  Aggarwal 
and  Hinchee  state  that  “during  the  growing  season,  CO2  in  soil  gases  at  uncontaminated 
locations  is  derived  dominantly  from  plant  root  respiration  and  from  decaying  organic 
matter;  in  other  seasons  the  isotopic  composition  of  soil  gas  carbon  dioxide  is  influenced 
by  atmospheric  carbon  dioxide”  (1178-1179).  Their  study  showed  that  higher  CO2 
concentrations  were  found  at  remediation  sites  where  soil  venting  had  ceased. 

At  bioventing  sites,  the  principal  measure  used  to  biodegradation  rates  is  by 
conducting  an  in  situ  respiration  test  where  oxygen  depletion  is  monitored.  This  test  is  a 
rapid  method  which  involves  turning  off  the  air  injection  and  monitoring  changing  levels 
of  O2  in  the  soil.  Numerous  monitoring  points  are  installed  at  varying  depths  and 
locations  within  the  unsaturated  zone  of  the  contaminated  soil.  Monitoring  points  are 
located  15  to  20  feet  apart.  After  shutting  down  the  air  injection,  an  initial  reading  is 
taken  with  subsequent  readings  every  4  to  8  hours.  The  test  is  terminated  when  oxygen 
concentrations  are  about  5  %  of  the  soil  gas  or  after  5  to  7  days  of  sampling  (Hinchee  and 
Ong,  1306).  The  O2  readings  are  compared  to  imcontaminated  background  monitoring 
points  (Hinchee  et  al.,  19).  It  is  assumed  that  microbial  respiration  is  responsible  for  the 
consumption  and  decreasing  levels  of  oxygen. 
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The  data  measured  during  the  in  situ  respiration  tests  are  used  to  compute  O2 
consumption  rates  (%02/hr).  Oxygen  consumption  rates  are  determined  for  each  soil  gas 
probe  during  each  test.  At  a  location  near  the  Alaskan  coast,  researchers  computed  the  O2 
consumption  rate  using  the  first  few  data  points  since  those  formed  the  linear  portion  of 
the  curve.  Based  on  the  initial  linear  portion  of  the  decay  curve,  oxygen  consumption 
rates  were  calculated  as  zero  order  (Battelle,  51).  This  zero  order  kinetic  relationship  was 
validated  by  a  project  conducted  at  Tyndall  AFB,  FL  (Miller  (1990),  155).  As  the 
concentration  of  O2  lowers,  diffusion  plays  a  larger  role.  In  other  words,  as  time 
increases  the  migration  of  oxygen  gas  through  the  sub-surface  may  prevent  researchers 
from  determining  the  true  consumption  occurring  at  a  specific  point.  In  some  cases, 
oxygen  levels  may  increase.  Additionally,  researchers  have  found  that  most  vented  sites 
have  oxygen  levels  maintained  at  10  %  (Hinchee  and  Ong,  1309). 

To  ensure  that  the  monitoring  points  are  measuring  the  air  injected,  a  helium 
tracer  study  is  performed  where  1  to  2  %  helium  is  mixed  with  air.  If  helium  is  measured 
at  a  distant  point,  it  is  evidence  that  the  soil  gas  being  measured  is  that  injected. 
Researchers  validated  this  testing  methodology  at  eight  contamination  sites  located  in 
different  geologic  and  climatic  conditions  (Hinchee  and  Ong,  1306).  Corresponding  to 
decreasing  concentrations  of  O2  is  an  increase  of  CO2  production.  Dependence  on  CO2 
levels  as  an  indication  of  microbial  activity  is  unreliable.  This  is  especially  true  in 
alkaline  soils  such  as  Eielson  AFB.  As  soil  pH  increases,  CO2  produced  during  microbial 
respiration  is  more  likely  converted  to  carbonates  as  discussed  earlier.  Numerous 


18 


projects  have  demonstrated  this,  i.e.,  biodegradation  rates  based  on  CO2  measurements 
decrease  with  increasing  pH.  When  the  oxygen  and  carbon  dioxide  levels  were  plotted 
over  time,  the  CO2  plots  showed  more  scatter.  This  is  due  to  the  conversion  of 
carbonates  in  alkaline  soils  and  described  by  equation  (2)  below. 

CaCO,  +H,0  +  C0^-^  IHCO-  +  (2) 

Therefore,  CO2  production  may  not  be  an  accurate  and  dependable  measure  of 
biodegradation  (Hinchee  and  Ong,  1309-1310).  In  addition  to  pH  and  moisture  content, 
carbon  dioxide  production  may  be  imderestimated  due  to  adsorption  onto  soil  particles 
(Newman  and  Martinson,  284). 

In  calculating  biodegradation  rates,  several  assumptions  about  the  site  and 
underlying  soil  characteristics  must  be  made. 

(1)  Effective  air  porosity  of  the  soil  =  0.30. 

(2)  Bulk  density  of  the  soil  =  1,440  kgW. 

(3)  The  stoichiometric  equation  for  the  mineralization  of  hexane  to  CO2  and 
water  applies  (see  Eq  (1)). 

Previous  studies  have  discovered  biodegradation  rates  ranging  from  0.4  to  13.0  mg- 
hexane/kg-soil/day  for  jet  fuel  (Hinchee  and  Ong,  1310).  A  bioventing  study  conducted 
by  Miller  found  an  average  rate  of  8  mg/kg/day  at  Tyndall  AFB,  Florida  (1990). 
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2.4.1  Biodegradation  Rate  Predicted  by  van’t  Hoff-Arrhenius  Relationship 

The  van’t  Hoff-Arrhenius  equation  estimates  the  effect  of  temperature  on 
biodegradation.  Developed  for  aqueous  systems,  the  equation  is  an  excellent  model  for 
predicting  temperature  effects  on  contaminant  biodegradation  (Miller  (1993),  3). 
Although  it  is  preferable  that  the  relationship  be  applied  over  a  wide  temperature  range,  it 
was  validated  by  a  bioventing  project  at  Tyndall  AFB,  FL  and  the  focus  of  a  Ph.D. 
dissertation  by  Miller. 

Kr  =  (3) 

where  Kj-  =  temperature  corrected  biodegradation  rate  (%  02/day) 

Kq  =  frequency  factor  (%  02/day) 

Eg  =  activation  energy  (cal/mol) 

R  =  gas  constant  (1.987  cal/°K.mol) 

T  =  absolute  temperature  (°K)  (Battelle,  109). 

At  sites  in  Alaska,  Nevada,  and  Florida,  the  van’t  Hoff-Arrhenius  relationship  accurately 

predicted  biodegradation  rates  within  the  17  to  27  °C  range  (Smith  and  Hinchee,  10).  In 

the  project  at  Tyndall  AFB,  FL,  the  equation  proved  an  excellent  model  accounting  for 

temperature.  Although  soil  temperature  varied  by  only  7  °C,  biodegradation  rates  were 

almost  twice  as  high  at  25  °C  than  at  18  °C  (Miller  (1990),  144).  The  study  also 

confirmed  the  dependency  of  biodegradation  on  temperature  finding  it  responsible  for 

most  variation  observed  at  the  in  situ  bioventing  site  (Hinchee  and  Ong,  1311). 

Given  a  baseline  biodegradation  rate,  this  relationship  is  the  most  accurate 
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predictor  of  biodegradation  as  a  function  of  temperature.  By  plotting  the  natural 
logarithm  against  the  temperature  inverse,  called  an  Arrhenius  plot,  one  can  determine  the 
frequency  factor  and  the  activation  energy  as  indicated  below. 

lni:,=ln^o-[(%x(X’>]  (4) 

The  intercept  of  the  plot  is  given  as  In  Kq  and  the  slope  is  -E/R  with  1/T  as  the 
independent  variable. 

A  key  factor  in  the  Arrhenius  equation  is  the  activation  energy,  which  can  be 
described  as  the  amoimt  of  energy  required  to  initiate  the  chemical  reaction.  Miller 
discovered  that  the  activation  energy  for  the  in  situ  biodegradation  of  jet  fuel  at  Tyndall 
AFB  varied  between  7.9  and  12.9  kcal/mol  for  two  different  treatment  plots  ((1990), 

142).  Another  important  factor  in  the  equation  is  Kq,  commonly  called  the  frequency  or 
pre-exponential  or  factor.  In  this  context,  Ko  can  be  imagined  as  the  biodegradation  rate 
at  infinite  temperature  or  when  activation  energy  approaches  zero  (Bunce,  171). 
Determining  the  frequency  factor  has  a  strong  dependence  on  temperatures  observed  at  a 
site.  This  frequency  factor  is  based  on  biodegradation  and  its  rate  of  kinetics  with 
changing  temperature. 

Use  of  the  van’t  Hoff-Arrhenius  relationship  is  based  on  two  principal 
assumptions  when  examining  the  change  in  temperature  and  biodegradation  over  time. 
First,  the  contaminant  concentration  is  constant  over  time.  For  example,  this  assumption 
ignores  the  decreased  availability  of  petroleum  with  remediation  over  time  which  would 
result  in  reduced  microbial  respiration  rates.  Second,  the  amount  of  active  biomass 
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remains  constant  over  time.  Measuring  the  active  microbial  biomass  accurately  at  a  field 
site  is  extremely  difficult  and  expensive.  In  the  initial  growth  phase,  such  as  following 
the  first  injection  of  oxygen  at  a  site,  microbial  growth  will  increase  significantly  for  a 
short  period  of  time.  Given  sufficient  nutrients,  a  preferable  temperature,  and  the 
availability  of  contamination,  microbial  growth  will  stabilize  until  it  is  affected  by  one  of 
these  factors.  This  second  assumption  ignores  the  effect  of  freezing  temperatures  and 
reduced  contamination  concentration  on  the  active  biomass.  Both  factors,  contaminant 
concentration  and  amount  of  active  biomass,  are  accounted  for  in  the  Kq  term  of  the  van’t 
Hoff-Arrhenius  equation  (Sayles,  Personal  Communication). 

Bunce  states  “the  basis  of  the  Arrhenius  equation  is  that  is  independent  of 
temperature”  (171).  Over  a  large  temperature  interval,  curved  plots  may  be  obtained 
instead  of  straight  lines  implying  another  exponential  term  is  involved  (Bimce,  171-172). 
A  non-linear  Arrhenius  kinetic  relationship  was  examined  in  numerous  experiments  with 
carbonaceous  solids.  The  study  suggested  that  despite  a  high  linear  correlation,  data  may 
be  better  modeled  by  a  curve  fit  (Cuesta  et  al.,  1141-1 145). 

2.4.2  Biodegradation  Rate  Based  on  Universal  Gas  Law  -  Hinchee  &  Ong 

Hinchee  and  Ong  developed  the  methodology  below  for  calculating 
biodegradation  rates  by  converting  O2  consumption  rates,  K02  [%  02/hr],  to  K  [mg- 
hexane/kg  of  soil/day]  (1311-1312). 

Using  the  partial  pressure  law  with  P  =  pressure  of  air  in  soil. 
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k'[atmosphere/day]  =  24  x  ^  P  (5) 

Applying  the  Universal  gas  law  (PV  =  nRT)  and  converting  k’  to  moles W  of  soil 
gas/day  with 

R  =  universal  gas  constant  [(atm  m  )  /(g  mole  °K)J 
T  =  temperature  (°K) 

k"[gas  moles  I  m^  (soil  gasiday)]  =  24  x  ^  P  (6) 

Multiply  k”  by  the  effective  gas  porosity  and  dividing  by  the  soil  bulk  density,  the 
rate  is  converted  to 

k"'[oxygen  moles  j  kg  (soil  Iday)]  =  24  x  (^^^{qq) 

where  0  =  effective  air  porosity 

P  =  volume  of  air  (m^)  /  volume  of  soil  (m^) 

Pi  =  bulk  density  of  the  soil  (kg/m^) 

Hexane  is  the  assumed  representative  compound  in  the  soil  and  the  mineralization  of  such 
was  given  by  equation  (1).  For  each  mole  of  hexane  ,9.5  moles  of  oxygen  are  required 
and  the  rate  equation  now  becomes: 

K[mg  hexane/ kg  soil  lday'\=2A  x(^P^)x — — — x(—)x(M.W.  of  hexanex^^---)  (8) 

100  RxT  95 

Assuming:  Q  =  0.30 

P  =  1  atmosphere 
Pi  =  1,440  kg/m^ 

R  =  82. 05  X  10'^  (atm  m^)  /(g  mole  K) 

M.  W.  (molecular  weight)  of  hexane  =  86 
The  biodegradation  rate  based  on  oxygen  consumption  becomes: 

K  [mg  hexane/kg  soil  /  day]  =  55 1 6  x  (9) 
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For  computation  of  biodegradation  based  on  carbon  dioxide  production,  a  25  % 
conversion  efficiency  is  assumed  and  also  found  in  Hinchee  and  Ong  (1311-1312). 

Based  on  the  mineralization  of  hexane  as  shown  above,  the  rate  equation  now  becomes: 

K  =  1 1,646  X  ^co2  [yoCOJhrj/  ^ ^ 

2.4.3  Biodegradation  Rate  From  Bioventing  Test  Plan  and  Technical  Protocol 

Project  managers  for  the  Eielson  AFB  bioventing  study  calculated  the 
biodegradation  rates  by  using  a  relationship  simplified  from  that  developed  by  Hinchee 
and  Ong.  The  biodegradation  rate  equation  used  was  the  result  of  a  joint  effort  between 
Battelle  Columbus  Operations,  U.S.  Air  Force,  and  the  U.S.  EPA.  Together  they 
published  a  test  plan  and  technical  protocol  for  bioventing  projects  which  included  the 
methodology  to  determine  biodegradation  based  on  oxygen  consumption.  Since 
respiration  rates  at  numerous  projects  were  observed  to  be  zero-order,  oxygen 
consumption  rates  can  be  obtained  from  the  initial  linear  portion  of  the  respiration  curve. 
Based  on  the  mineralization  of  hexane,  the  relationship  is  explained  as  follows  (Hinchee 
etal.  (1992),  50-54): 

[mg  hexane  /  kg  soillday]  =  x  Ax  xC 

BL  6  6  .rj  V  / 

where  =  biodegradation  rate 

Ko2  =  oxygen  consumption  rate  (%/day) 

A  =  volume  of  air/kg  of  soil  (l/kg) 

Dq  =  density  of  oxygen  (mg/l) 

C  =  mass  ratio  of  hydrocarbon  to  oxygen  required for  mineralization 
with  the  following  assumptions: 
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Porosity  =  0.30 

Soil  bulk  density  =  1 ,440  kg/m^ 

Dq  =  oxygen  density  of  1 ,330  mg/1 
C  =  1:3.5  (based  on  mineralization  of  hexane  equation) 
Based  on  the  assumed  porosity  and  soil  bulk  density,  the  term  A  becomes: 


j-0.30/  -021 

The  biodegradation  rate  equation  now  becomes: 

hexane! kg soiUday]  =  "-^02  x(0.21)x(U30)x(l/3i)  ^  ^ 


02 


(12) 


(13) 


A  weakness  of  this  relationship  may  be  its  lack  of  a  temperature  factor.  Equation  (13) 


shows  that  there  is  no  direct  inference  between  the  biodegradation  rate  and  temperature. 


2.5  Soil  Characteristics 

Soil  can  be  broken  down  into  four  phases:  soil  gases,  soil  water,  inorganic  solids, 
and  organic  solids.  The  gases  and  water  fill  the  pore  spaces  and  can  occupy  as  much  as 
50  %  of  the  total  volume.  The  inorganic  solids  are  minerals  consisting  of  silt,  sand,  and 
clay  particles  (Sims  et  al.  (1989),  2-3).  Soil  with  a  higher  clay  content  usually  have  a 
higher  moisture  content  which  restricts  the  diffusion  of  oxygen.  In  order  to  effectively 
use  bioventing,  sufficient  soil  gas  permeability  must  be  demonstrated  at  the  remediation 
site.  Although  soil  grain  size  and  soil  moisture  can  influence  the  diffusivity  of  oxygen  in 
soil,  excessive  soil  moisture  is  perhaps  the  greatest  limitation  (Miller  (1993),  6). 

The  US  Department  of  Agriculture  defines  a  soil  by  the  particle  size  and  texture 
as  shown  in  the  following  table  (Singer,  4,21,23). 
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Table  2:  Soil  Texture,  Types,  and  Particle  Diameters 


Texture 

Type 

Particle  Diameter 

Coarse 

Sandy 

2.0  to  0.05  mm 

Intermediate 

Loamy 

Mixed  with  limits  of  7  -  27  %  clay,  28  -  50  % 
silt,  and  23  -  52  %  sand 

Silt 

0.05  to  0.002  mm 

Fine 

Clayey 

<  0.002  mm 

The  clay  loams  and  silty  clay  loams  retain  nutrients  and  inhibit  the  movement  of  a 
contaminant  plume  better  than  a  sandy  soil  (Singer,  25).  Additionally,  the  number  and 
types  of  chemical  transformations  occurring  in  the  soil  are  dependent  on  the  amount  and 
types  of  clay  present.  Soil  with  a  high  clay  content  have  a  higher  capacity  to  clean  wastes 
but  the  oxygen  through  flow  rate  is  much  lower  (Singer,  413-414).  A  soil’s  porosity 
controls  its  behavior  with  respect  to  the  diffusion  of  oxygen.  The  interconnected  pores 
transport  water  and  gases  such  as  oxygen  and  carbon  dioxide  (Singer,  42).  If  a  soil  is 
densely  compacted,  it  will  have  fewer  and  smaller  pores  restricting  the  movement  of 
oxygen  £ind  water  and  inhibiting  the  convective  heat  flow.  Biodegradation  is  less  likely 
to  occur  in  compacted  soils.  Therefore,  a  balanced  mixture  of  sand,  silt,  and  clay  is 
preferable.  Coarse  materials  like  sand  and  gravel,  along  with  silt,  allow  oxygen  and  other 
nutrients  to  be  transported  throughout  the  site  while  clay  impedes  a  contaminant’s  flow. 
Furthermore,  the  presence  of  organic  solids  typically  increases  microbial  activity  leading 
to  a  more  rapid  oxygen  depletion  (Sims  et  al.  (1989),  7).  The  soil  at  the  Eielson  AFB 
contamination  site  is  characterized  as  a  sandy  and  gravely  loam  with  about  1 0  percent  silt 
in  the  clay  (Hinchee  and  Ong,  1307). 
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2.5.1  Soil  Temperature 

Soil  surface  temperatures  are  easily  estimated.  Numerous  studies  have  shown  that 
the  average  summer  surface  temperatures  of  a  vegetation-covered  area  correlates  to  the 
average  air  temperature.  During  winter  months,  this  also  holds  true  for  the  surface  of  any 
snow  cover.  Since  snow  is  a  good  insulator,  it  can  increase  the  mean  annual  ground 
temperature  at  the  surface  by  several  degrees.  Snow  has  a  lower  thermal  conductivity 
than  dry  or  wet  soil,  ice,  and  rock  allowing  it  to  serve  as  an  insulator  protecting  the  soil 
from  further  cooling  in  the  winter.  At  increased  depths,  the  effect  on  temperature  by 
snow  cover  diminishes  (Johnston,  154-155). 

Soil  temperatures  can  vary  temporally  and  spatially.  But  in  order  to  better 
imderstand  soil  temperature,  heat  transport  in  the  soil  is  worth  discussing.  Convection  by 
water  and  gases  through  interconnected  soil  pores  play  a  minor  role  in  sub-surface 
temperature  changes.  Soil  temperature  is  primarily  due  to  the  radiant,  conductive,  and 
latent  energy  exchange  occurring  in  the  sub-surface.  The  sub-surface  soil  is  not  a  simple 
conducting  solid  but  one  that  has  complex  thermal  properties  with  varying  layers  of  soil 
type,  density,  and  moisture  content  (Johnston,  149).  The  following  diagram  depicts 
general  soil  temperature  as  it  varies  with  depth  and  season  (Smith  and  Hinchee,  5). 
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Figure  2:  Generalized  Soil  Temperature  Profile 

As  depicted  by  the  above  diagram,  changes  in  sub-surface  temperatures  are  smaller  and 
tend  to  lag  behind  that  occurring  at  the  surface.  In  temperate  climates,  shallow 
temperatures  will  be  higher  in  the  summer  and  cooler  in  the  winter  than  at  increasing 
depths.  This  lag  in  temperature  change  is  due  to  “the  difference  in  coefficients  of  thermal 
conductivity  and  heat  convection  of  the  air  and  the  soil”  (Jumikis,  45).  Heating  time  of 
the  soil  is  based  on  its  thermal  properties.  A  soil’s  thermal  properties  can  be  described  by 
its  thermal  conductivity,  heat  capacity,  and  latent  heat.  These  properties  vary  with  soil 
temperature,  phase  composition,  soil  type,  porosity,  density,  organic  content,  and  water 
content  (Johnston,  114). 

2.5.2  Thermal  Conductivity 

Thermal  conductivity  is  defined  as  the  quantity  of  heat  Q  flowing  through  a  unit 
area  of  a  substance  of  unit  thickness  in  unit  time  under  a  unit  temperature  gradient  dT/dz 
and  coefficient  of  thermal  conductivity  K  of  the  ground  (Johnston,  114). 
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(14) 


dz 


Numerous  studies  have  analyzed  the  relationship  between  thermal  conductivity  and 
numerous  soil  parameters.  Thermal  conductivity  is  higher  for  frozen  soils  than  unfrozen 
and  increases  as  the  soil’s  dry  density  increases.  It  also  increases  as  soil  porosity 
decreases.  Given  a  fixed  dry  density,  as  moisture  content  increases  thermal  conductivity 
will  increase  at  a  higher  rate  (Johnston,  1 09-1 11).  This  relationship  also  holds  for  coarse 
and  fine-grained  soils.  As  the  volumetric  wetness  increases  from  0.0  to  0.4  for  sand  with 
a  porosity  of  0.4,  the  thermal  conductivity  increases  from  0.7  x  10'  to  5.2  x  10*  cal/cm 
sec  °C.  On  the  other  hand,  imder  the  same  conditions  the  thermal  conductivity  of  clay 
will  only  increase  from  0.6  x  10'^  to  3.8  x  10'^  cal/cm  sec  °C  (Smith  and  Hinchee,  4,6-7). 
Thermal  resistivity,  the  reciprocal  of  thermal  conductivity,  is  another  indicator  of  a  soil’s 
thermal  characteristics  and  is  expressed  as  1/°K  (Jumikis,  45).  In  developing  plots  using 
the  van’t  Hoff-Arrhenius  equation,  the  biodegradation  rate  and  temperature  relationship 
can  be  shown  by  plotting  the  logarithm  of  the  rate  against  the  thermal  resistivity. 
Conversely,  as  thermal  conductivity  increases  with  higher  soil  moisture  content,  thermal 
resistivity  decreases.  Resistivity  also  decreases  as  soil  density  increases  (Jumikis,  73). 
The  following  table  shows  the  thermal  conductivity  and  volumetric  heat  capacity  of 
various  substances  (Smith  and  Hinchee,  7). 
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Table  3:  Thermal  Conductivity  and  Heat  Capacities  of  Selected  Materials 


Selected  Material 

Volumetric 

Wetness 

Thermal  Conductivity 
(10*^  cal/cm  sec  °C) 

Volumetric  Heat 
Capacity  (cal/cm^  °C) 

Sand  (porosity  =  0.4) 

0.0 

0.7 

0.3 

Sand  (porosity  =  0.4) 

0.4 

5.2 

0.7 

Clay  (porosity  =  0.4) 

0.0 

0.6 

0.3 

Clay  (porosity  =  0.4) 

0.4 

3.8 

0.7 

Water  (liquid) 

1.0 

Water  (ice) 

0.45 

Air  (dry  at  STP) 

0.00028 

2.5.3  Heat  Capacity 

Heat  capacity  c  is  the  amount  of  heat  required  to  raise  a  unit  mass  temperature  of 
a  substance  by  one  degree  where  c  =  Q/IST  (Johnston,  115).  A  soil’s  heat  capacity  is 
dependent  upon  its  mineral  and  organic  makeup,  moisture  content,  and  bulk  density 
(Smith  and  Hinchee,  8).  A  material’s  volumetric  heat  capacity  is  defined  as  the  amount 
of  heat  required  to  change  the  temperature  of  a  unit  volume  of  that  material  by  1  °C 
(Jumikis,  78).  It  is  accepted  that  the  heat  capacity  of  soil  minerals  with  an  assumed 
density  of  2.65  g/cm  equals  0.48  cal/cm  °C.  The  organic  contained  within  a  soil 
mineral  particle  may  be  natural  or  contaminant.  Natural  soil  organics  have  a  higher  heat 
capacity,  0.6  cal/cm  °C,  but  a  lower  density,  1.3  g/cm  than  the  mineral  fraction. 
Comparatively,  water  has  a  density  of  1  g/cm^  and  a  heat  capacity  of  approximately  1 
cal/cm^  °C  (Smith  and  Hinchee,  9). 
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2.5.4  Thermal  Diffusivity 

Thermal  diffusivity  is  an  index  indicating  the  facility  with  which  a  material  will 
undergo  a  change  in  temperature  (Johnston,  119).  Also  called  the  temperature 
conductivity,  it  is  expressed  in  units  of  [m^/hr]  and  measures  the  rate  at  which  a  change  in 
temperature  a  spreads  through  a  body  (Jumikis,  73,75). 


where  K  =  coefficient  of  thermal  conductivity  [Cal/(m)(hr)(  °C)] 

=  mass  heat  capacity  of  the  soil  [Cal/(kg)(  °C)] 
y^=  dry  unit  weight  of  the  material  [kg/m  ] 

There  have  been  few  measurements  of  soils’  thermal  diffusivities.  However,  it  is  known 
that  since  the  diffusivity  of  ice  is  higher  than  water,  hard  frozen  soils  will  have  a  higher 
diffusivity  than  thawed  soils.  Furthermore,  coarse  grained  soils  have  a  higher  thermal 
diffusivity  than  fine  grained  ones  at  a  given  moisture  content  level  (Johnston,  119). 
Thermal  diffusivity  varies  widely  depending  on  the  levels  of  air  and  moisture  content 
present  in  the  soil  (Jumikis,  79). 

2.6  Soil  Temperature  in  Interior  Alaska 

As  a  rule  of  thiunb,  the  average  soil  temperature  will  be  approximately  equal  to 
the  average  annual  air  temperature.  Based  on  50  years  of  observation,  the  mean  annual 
air  temperature  at  Eielson  AFB,  Alaska,  was  26  °F  with  extreme  minimum  and  maximum 
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of  -64  °F  to  94  °F.  The  maximum  mean  daily  temperature  occurs  during  June,  July,  and 
August  with  readings  of  59,  61,  and  56  °F  respectively.  Conversely,  the  lowest  mean 
daily  temperature  occurs  in  December  at  -1 1  °F  (Federal  Climate  Summary).  However, 
by  altering  the  thermal  processes  on  the  surface,  the  sub-sxuface  temperatures  can  be 
increased.  To  do  so,  incoming  solar  radiation  should  be  maximized  while  minimizing 
surface  reflection  and  radiation.  In  Alaska,  variations  in  soil  temperature  is  principally 
“due  to  annual  variations  in  solar  radiation,  air  temperature,  vegetation  type,  snow  cover, 
and  soil  properties”  (Ping,  1010).  Soil  temperatures  are  a  “consequence  of  several 
interacting  factors:  kind  of  plant  cover,  the  soil’s  moisture  regime,  evapotranspiration, 
and  weather  conditions”  (Toogood,  330).  To  increase  a  soil’s  heat  adsorption  during 
warm  periods  and  reduce  heat  loss  during  cold  periods,  simple  methods  such  as 
mulching,  surface  covers,  vegetation,  irrigation,  and  tilling  can  be  performed.  These 
techniques  will  increase  the  soil’s  heat  capacity  and  thermal  conductivity  and  are 
discussed  later. 

A  soil  temperature  experiment  was  conducted  at  Fairbanks,  Alaska,  on  a  barren  10 
X  10  meter  site  free  from  any  vegetation.  Thermocouples  were  buried  at  20,  50,  100,  150, 
210,  240,  and  300  centimeters  beneath  the  surface.  Recorded  data  indicated  that  the  mean 
soil  temperature  at  shallow  depths  is  closer  to  the  ambient  air  temperature  than  at  deeper 
depths.  Furthermore,  the  annual  variation  at  shallow  depths  vary  much  more  widely 
similar  to  the  ambient  air  temperatures.  Studies  also  show  that  in  the  arctic  “seasonal  soil 
temperature  fluctuations  do  not  approximate  a  simple  sine  curve”  like  that  occurring  in 
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more  temperate  latitudes.  The  temperature  curve  shows  a  negative  skewness  in  late 
spring  which  increases  with  depth  due  to  the  high  saturation  right  after  the  spring  thaw. 
The  depths  at  which  the  maximum  temperature  occurs  increases  from  July  to  September. 
In  July,  the  maximum  temperature  occurs  in  the  top  50  cm.  In  August  and  September, 
this  changes  to  40-180  cm  and  180-300  cm  respectively.  The  study  at  Fairbanks  also 
found  increasing  depths  of  snow  cover  have  a  higher  insulatory  effect  up  to  a  maximum 
depth  of  50  to  60  cm  (Ping,  1012-1015). 

Efforts  to  warm  the  vadose  zone  may  be  successful;  however,  at  depths 
approaching  the  saturated  zone  and  groundwater  make  any  attempt  to  increase  soil 
temperature  extremely  difficult,  if  not  impossible. 

2. 7  Active  Warming  Techniques 
2.7.1  Heated  Air  Injection 

Hot  air  injection  can  raise  soil  temperature  but  the  heat  capacity  of  injected  gases 
provide  only  limited  application.  In  order  to  effectively  warm  soils,  air  must  be  heated  to 
several  hundred  degrees  centigrade.  Higher  air  flows  of  less  warm  air  is  not  efficient  nor 
practical  as  part  of  a  remediation  process.  However,  if  hot  off-gases  were  available  from 
a  nearby  process,  e.g.,  an  incinerator,  heated  air  injection  may  be  a  reasonable  alternative 
provided  the  piping  distance  was  minimal.  With  an  extensive  network  or  long  piping, 
heat  loss  from  the  air  flow  will  be  high.  In  order  to  deliver  sufficient  heat,  air 
temperatures  must  be  above  300  °C  which  would  kill  the  microbial  community  near  the 
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injection  points.  Heating  to  this  high  temperature  would  require  heavy  piping  insulation 
and  a  sturdy  pipe  material  such  as  steel  (Smith  and  Hinchee,  156-157). 

In  a  soil  venting  field  test  enhanced  by  heating,  air  from  an  incinerator  was 
injected  into  the  soil  to  remediate  JP-4  jet  fuel.  Project  managers  foimd  that  hydrocarbon 
removal  increased  by  9  percent  overall  and  by  60  percent  within  the  heated  area. 
Researchers  calculated  that  for  a  soil  having  a  moisture  content  of  5  %,  a  dry  density  of 
100  Ib/ft^,  and  a  heat  capacity  of  0.2  BTU/lb  °F,  25  BTUs  would  be  required  to  raise  the 
temperature  of  1  ft  of  soil  by  1  °F.  To  put  this  in  perspective,  one  standard  cubic  foot  of 
air  cooling  from  1000  °F  to  68  °F  provides  18.7  BTU.  Therefore,  to  remediate  a  large 
volume  of  soil,  extremely  hot  air  must  be  delivered  at  a  high  injection  rate  in  order  to 
elevate  soil  temperatures  (Sittler  and  Swinford,  40-41).  At  a  similar  project  injected  air 
was  heated  to  350  °F  and  coupled  with  a  soil  vapor  extraction  unit.  The  in  situ  cleanup  of 
approximately  7,500  yd^  cost  $90,000  over  the  project’s  life  span.  Comparatively,  it  is 
estimated  that  excavation  and  landfilling  would  cost  over  $500,000  at  a  cleanup  rate  of 
three  times  faster  (Sittler  and  Swinford,  43). 

2.7.2  Heated  Water  and  Steam  Injection 

As  shown  later  by  the  Eielson  AFB  project,  another  method  to  actively  heat  the 
soil  is  by  warm  water  injection.  As  stated  earlier,  a  soil’s  heat  capacity  increases  with  an 
increasing  water  content.  With  a  higher  heat  capacity  than  air,  as  warm  water  migrates 
through  the  soil  it  may  provide  heat,  or  it  may  cool  the  soil  as  it  evaporates  (Singer,  76- 
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77).  Although  this  convective  heating  would  be  more  rapid  than  conduction,  it  may  not 
be  desirable.  On  the  other  hand,  conduction  would  take  more  time  allowing  the 
microorganisms  to  better  acclimate  to  higher  temperatures  (Dieter,  36).  A  high  moisture 
content  or  a  site  saturated  with  water  can  prevent  the  diffusion  of  oxygen  through  the  sub¬ 
surface  and  inhibit  any  microbial  activity.  In  order  to  maintain  the  proper  moisture 
content  and  oxygen  level,  a  site  should  not  be  saturated  with  water  (Sims  et  al.  (1989),  7). 

The  time  required  to  heat  the  ground  to  steam  temperature  will  depend  upon  the 
injection  rate,  the  volume  heated,  and  the  soil  characteristics  (Dieter,  65).  Comparatively, 
injection  of  air  at  400  °F  and  a  pressure  of  10  psi  delivers  only  1/10  the  energy  as 
saturated  steam  at  the  same  pressure.  In  order  to  raise  the  temperature  of  unsaturated  soil 
to  steam  temperature,  100  pounds  of  condensing  steam  is  required  for  every  cubic  yard  of 
soil.  Furthermore,  steam  will  heat  without  saturating  the  soil  because  the  condensate 
formed  typically  does  not  occupy  the  entire  pore  volume.  As  steam  condenses  latent  heat 
is  released.  If  the  sub-surface  soil  can  absorb  this  condensate,  migration  of  contaminant 
transport  into  uncontaminated  zones  will  be  prevented  (Dieter,  33,36). 

Several  projects  conducted  at  naval  shipyard  facilities  have  remediated  Navy 
special  fuel  oil  and  No.  6  special  fuel  oil.  Managers  heated  the  soil  by  steam  injection 
which  improved  contaminant  removal  rates  by  enhancing  volatilization  from  the 
increased  vapor  pressure.  Steam  injection  enhanced  the  heavier  oil  contamination 
mobility  due  to  viscosity  reductions.  Project  managers  stated  that  steam  injection  can  be 
used  to  pretreat  a  site  in  preparation  for  bioremediation  by  decreasing  residual 
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hydrocarbons.  Once  complete,  the  soils  are  a  moist,  warm,  oxygen-rich  environment  for 
mierobial  activity  (Dablow  et  al.,  116). 

There  are  disadvantages  to  steam  injection  systems.  They  require  high  capital 
equipment  and  energy  input  to  produce  steam.  To  inject  steam  several  pieces  of 
equipment  are  required:  a  gas-fired  water-tubed  boiler  with  feedwater  treatment  and 
preheating  equipment,  piping,  insulation,  flow  meters,  and  traps  (Dieter,  65). 
Furthermore,  the  high  injection  temperatures  may  adversely  affect  the  biodegradation 
process  (Smith  and  Hinchee,  44). 

2.7.3  Electric  Tape 

Another  soil  warming  methodology  is  electric  heat  tape  buried  at  a  shallow  depth. 
To  date,  except  for  the  Eielson  AFB  project,  there  is  no  known  project  which  employed 
this  type  of  heating.  Much  like  wrapping  water  pipes  with  heat  tape  to  prevent  freezing, 
this  technique  applies  heat  without  increasing  the  water  saturation  at  the  site.  Although 
the  potential  electricity  costs  are  high,  the  faster  clean-up  results  may  overcome  this 
disadvantage. 

2.8  Passive  Warming  Techniques 

2.8.1  Soil  Coverings:  Plastic  and  Fabric  Sheeting 

Remediation  sites  are  often  covered  by  plastic  sheeting  to  reduce  emissions  of 
volatile  organic  compoimds  into  the  atmosphere  and  prevent  contaminant  exposure  to  any 
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receptors.  Covers  should  be  coupled  with  an  oxygen  delivery  technique  since  their  use 
can  decrease  soil  aeration  and  create  anoxic  conditions.  Generally,  light-colored  covers 
will  reflect  heat  and  prevent  excess  heating  of  the  sub-surface.  Clear  plastic  tends  to  act 
as  a  greenhouse  and  heat  the  soil.  It  is  also  reported  that  black  and  dark  plastic  covers 
will  increase  heat  absorption  during  the  day  while  reducing  heat  loss  at  night  which  will 
again  increase  soil  temperature  (Baker,  218). 

A  study  showed  that  soil  temperatures  increased  about  4.5  °C  for  clear 
polyethylene  covering  natural  vegetation  while  an  increase  of  5.5  °C  was  realized  with 
clear  sheeting  over  barren  soil  (Smith  and  Hinchee,  145).  The  polyethylene  sheeting  can 
become  brittle  and  crack  under  cold  temperatures  requiring  replacement  each  summer. 
The  greenhouse  effect  created  by  plastic  sheeting  can  be  enhanced  if  the  contaminated 
soil  surface  is  dark  in  color.  Researchers  have  discovered  that  under  clear  plastic  a  dark 
colored  gravel  absorbed  more  solar  radiation  and  enhanced  the  greenhouse  effect 
resulting  in  warmer  temperatures  (Travis,  5). 

Researchers  at  the  United  States  Army  Cold  Regions  Research  and  Engineering 
Laboratory  (CRREL)  conducted  a  30-day  field  experiment  on  manipulating  soil 
temperature.  These  manipulations  were  designed  to  be  simple  and  inexpensive  in  plots  of 
1  m  each  located  at  Hanover,  New  Hampshire.  The  researchers  classified  their  passive 
heating  techniques  into  four  categories:  1 )  plastic  ground  covers;  2)  fabric  ground 
covers;  3)  fabric  greenhouses;  and  4)  open-top  chambers.  The  two  types  of  plastic 
ground  covers,  black  and  clear,  were  cut  at  a  thickness  of  0.1  mm  and  each  used  with 
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variations,  namely,  cutout  openings  of  25  -  50%  of  the  surface  area.  The  two  types  of 
fabric  covers,  Agronet  and  Reemay,  were  also  used  to  act  like  a  greenhouse  to  trap  heat. 
The  fabric  greenhouses  also  used  two  types  of  covers,  plastic  and  fabric.  Finally,  two 
open-top  chambers  were  constructed  to  heights  of  30  and  60  cm  .  These  chambers  were 
designed  to  block  the  convective  heat  flow  transported  across  the  surface  by  wind.  The 
chambers  were  expected  to  provide  a  day-time  heating  effect.  The  experiment  showed 
that  the  Reemay  fabric  cover  resulted  in  the  maximum  temperature  increase  while  the 
black  plastic  cover  actually  decreased  soil  surface  temperatures.  The  other  techniques 
had  temperature  responses  between  these  two  extremes.  Furthermore,  the  two  variations 
of  the  clear  plastic  cover  and  the  Reemay  greenhouse  were  the  only  other  techniques  that 
increased  the  mean  daily  temperature  by  at  least  1 .0  °C.  Marion  and  Pidgeon  were 
surprised  in  the  results  of  the  black  plastic  cover.  Their  theoretical  calculations  indicated 
that  alteration  of  the  surface  albedo  would  increase  soil  temperatures.  Instead,  the  black 
plastic  cover  produced  the  opposite  effect  by  decreasing  temperatures.  Additional 
research  indicated  the  Reemay  fabric  cover  resulted  in  the  largest  temperature  increase  of 
the  covering  techniques.  The  study  concluded  that  these  passive  covering  techniques  can 
alter  the  mean  daily  temperature  at  the  soil  surface  by  at  most  2.5  °C  (Marion  and 
Pidgeon,  1-8). 
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2.8.2  Irrigation 

Irrigation  increases  a  soil’s  moisture  content  yielding  a  higher  thermal 
conductivity  and  increasing  the  heat  transfer  rate.  Irrigation  is  most  effective  in  sandy 
soils  and  least  beneficial  to  soils  with  a  high  peat  content  (Smith  and  Hinchee,  144). 
Additionally,  irrigation  reduces  the  diurnal  soil  temperature  variation  by  retaining  heat 
during  the  nighttime  cooler  periods  (Sims  et  al.  (1986),  130).  The  amount  of  irrigation 
must  be  balanced  against  an  acceptable  level  of  oxygen  diffusion. 

2.8.3  Tilling 

Soil  tilling  is  a  passive  technique  that  alters  the  sub-surface  thermal  properties.  It 
not  only  increases  soil  aeration  but  creates  a  surface  mulch  which  reduces  heat  transfer 
between  the  surface  and  sub-surface  (Sims  et  al.  (1986),  130).  Typically,  tilling  allows 
for  aeration  of  the  top  one-foot  layer  but  it  can  aid  in  remediation  at  greater  depths.  On 
the  other  hand,  it  can  dry  the  soil  thus  limiting  any  microbial  growth.  If  tilling  is  selected 
as  a  remediation  technique,  soil  moisture  must  be  monitored  and  water  applied  as  needed. 
At  contaminated  sites  in  Alberta,  Canada,  and  Palmer,  Alaska,  tilling  was  proven  to  be 
effective  in  enhancing  biodegradation  of  crude  oil.  These  projects  showed  that  with 
increased  plow  depths,  remediation  was  improved.  Coupled  with  fertilizer  applications  to 
overcome  nutrient  deficiencies,  tilling  accelerated  the  recovery  of  vegetation  and  plant 
life  (Travis,  5). 
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2.8.4  Vegetation 

To  increase  soil  temperature  in  the  summer,  vegetation  should  be  removed  since  it 
absorbs  solar  radiation  first  (Smith  and  Hinchee,  143).  However,  in  the  winter  months  a 
vegetative  cover  has  an  insulatory  effect  and  dampens  the  diurnal  fluctuation  in  soil 
temperature  (Baker,  218).  Vegetation  maintains  a  more  stable  and  consistent 
environment  for  microbial  activity.  In  one  study,  removing  vegetation  increased  soil 
temperatures  on  average  2  °C  (Smith  and  Hinchee,  145).  Vegetation  also  dampens  the 
annual  fluctuations  of  soil  temperature  since  it  acts  an  insulator  throughout  the  year.  At 
an  experimental  plot  in  south  central  Alaska,  grass  and  fallow  cover  slowed  down  the 
spring  and  early  summer  warming  at  a  depth  of  10  cm.  In  fall  and  winter,  this  insulatory 
cover  of  grass  slowed  down  the  cooling  appreciably  (Ping,  1016). 

Mulching  has  its  greatest  effect  in  winter  months  when  it  can  absorb  incoming 
solar  radiation  during  the  day  and  reduce  heat  loss  at  night.  It  also  reduces  the  diurnal 
and  seasonal  fluctuations  of  soil  temperature.  Mulches  with  a  low  thermal  conductivity 
will  reduce  heat  transfer  between  the  atmosphere  and  the  ground  (Sims  et  al.  (1986), 

130). 

A  study  conducted  at  Edmonton,  Alberta  found  that  soil  temperatures  at  a  depth 
of  0.20  meters  differed  by  less  than  3  °C  and  less  than  2  °C  at  1 .0  meter  under  different 
types  of  vegetative  cover.  Overall,  grass  covered  plots  had  a  higher  mean  annual  soil 
temperature  than  bare  ground  or  fallowed  plots.  A  vegetative  cover  was  found  to  insulate 
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only  the  top  0.50  meter  of  soil;  therefore,  for  deeper  contamination,  it  may  not  be  an 
effective  methodology.  The  study  also  confirmed  the  cooling  effects  of  vegetative  covers 
during  the  summer  months  (Hayhoe,  62-63,69).  Researchers  at  Edmonton  also  examined 
the  effect  of  different  vegetative  covers  on  soil  temperature  at  depths  of  20  cm  and  100 
cm.  Toogood  investigated  the  thermal  characteristics  of  five  different  plots:  1)  fallowed 
plot,  9  m  X  9  m  -  barren  and  free  of  vegetation;  2)  barley  plot,  9  m  x  9  m  -  crop  seeded  in 
mid-May  and  harvested  in  August;  3)  shrub  plot,  9  m  x  9  m  -  clumps  of  western 
strawberry  shrubs  covering  the  plot;  4)  deciduous  tree  plot,  18mx  18m  -  aspen  poplar 
saplings  spaced  1  m  apart;  5)  coniferous  tree  plot,  1 8  m  x  1 8  m  -  white  spruce  trees 
spaced  1  m  apart.  Temperature  readings  were  taken  at  the  center  of  each  plot.  During  the 
winter,  soil  temperatures  at  20  cm  were  highest  for  the  shrub  plot  and  lowest  for  the 
barley  but  were  determined  to  be  a  function  of  snow  cover  depth.  In  the  summer  months, 
the  fallowed  and  barley  plots  had  higher  soil  temperatures  (Toogood,  329-330).  By  early 
April,  temperatures  in  all  plots  were  nearly  the  same.  At  100  cm,  the  spread  of  soil 
temperatures  among  the  plots  narrowed  and  all  plot  temperatures  were  within  1  °C  of 
each  other  and  mirrored  the  results  found  at  the  20  cm  depth  (Toogood,  335). 

2.8.5  Composting 

Also  called  a  biopile,  composting  is  considered  an  aboveground  treatment.  It 
could  be  a  technique  to  warm  the  sub-surface.  A  layer  of  compost  can  provide  an 
insulatory  barrier  while  generating  heat  from  microbial  activity.  This  passive  warming 
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technique  is  only  effective  if  the  layer  of  composting  is  kept  organic-rich  and  turned  over 
on  a  frequent  basis  to  allow  aeration  and  prevent  compaction.  There  have  been  several 
studies  on  temperatures  in  a  compost  pile.  At  a  site  in  Quebec,  Canada,  the  average 
winter  pile  temperatures  never  decreased  below  7  °C  despite  ambient  temperatures  below 
-20  °C.  Furthermore,  the  pile  never  froze  with  its  surface  temperature  at  the  coldest 
months  only  dipping  to  4  °C  (Samson  et  al.,  331).  In  a  biopile  study  recently  conducted 
by  Benazon  and  others,  both  temperature  and  oxygen  levels  were  measured  in  an  active 
and  passive  aeration  system.  In  the  passively  aerated  biopile,  oxygen  was  transferred 
through  pipes  installed  at  the  base  and  intermediate  depths  by  diffusion  and  free 
convection.  At  the  actively  aerated  biopile,  blowers  injected  oxygen  from  blowers  and  a 
network  of  piping.  Researchers  found  the  active  biopile  had  slightly  higher  temperatures 
initially  and  oxygen  levels  more  consistently  distributed.  They  concluded  that  despite 
lower  costs  vsdth  the  passive  biopile,  oxygen  diffusion  was  limited  to  shallow  depths,  less 
than  0.8  m;  therefore  very  little  remediation  was  observed  at  larger  depths  (Benazon  et 
al.,  179-190).  In  order  to  be  an  effective  soil  warming  treatment,  composting  should  be 
coupled  vrith  an  air  injection  technique  like  bioventing. 

2.8.6  Solar  Energy 

A  project  being  conducted  at  Hill  AFB  is  examining  the  effectiveness  of  capturing 
solar  radiation  in  order  to  further  warm  the  soil.  One  sample  plot  has  a  5  ft  by  5  ft 
plywood  box  frame  constructed  over  it.  The  frame  holds  a  single-pane  glass  sheet  titled 


42 


at  38°  to  40°  to  maximize  the  capture  of  solar  energy.  The  glass  sheet  is  mounted  6  in 
above  the  ground  allowing  space  for  a  heat  retention  system  and  instrumentation  to 
measure  environmental  conditions.  Another  plot  is  constructed  similarly  but  with  the 
addition  of  an  artificial  heating  system  to  maintain  elevated  air  and  soil  temperatures 
throughout  the  1-year  study  period.  The  project  was  expected  to  be  complete  in  the 
summer  of  1995  but  results  have  not  been  made  available  (Montgomery  Watson,  6-7). 

2.9  Case  Studies  on  Contamination  in  Subarctic  Environments 

There  are  many  remote  sites  in  Alaska  contaminated  from  bulk  storage  releases  of 
fuel  oil.  Remediating  these  remote  sites,  some  under  extremely  cold  conditions,  can  be 
very  expensive.  Without  enhancing  petroleum  spill  remediation,  the  arctic  tundra  and 
subarctic  forest  soil  may  be  affected  for  up  to  30  years  since  intrinsic  bioremediation  is 
impeded  by  the  cold  climate  and  short  growing  season.  Like  most  soils,  microbial 
abundance  in  the  arctic  declines  at  increasing  soil  depths  due  to  lower  availability  of 
oxygen,  nitrogen,  phosphorous,  and  warmer  temperatures  (Travis,  4).  Arctic  soil  does 
not  thaw  sufficiently  to  allow  bioremediation  until  June.  In  remote  arctic  locations,  such 
as  the  North  Slope,  soil  temperatures  peak  in  mid-July  at  about  7  °C.  The  window  of 
opportunity  for  microbial  activity  closes  at  about  the  end  of  September  when  the  soil 
begins  to  freeze.  Therefore,  a  treatment  like  bioventing  may  be  an  alternative  if  the 
constraints  of  low  temperatures  can  be  overcome  (Brar  et  al.,  127).  Prior  to  1991  and  the 
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start  of  the  Eielson  AFB  project,  the  success  of  bio  venting  had  not  been  demonstrated  in 
a  cold  environment. 

A  site  contaminated  with  12,600  -  25,200  gallons  of  crude  oil  at  the  Kuparuk  Oil 
Field,  Alaska,  was  remediated  in  situ.  Located  at  Alaska’s  North  Slope  the  site  has  no 
roadway  access  and  any  remediation  activity  is  dependent  upon  barges  to  deliver 
equipment  and  supplies.  This  restriction  is  not  imcommon  for  many  areas  of  Alaska. 
Project  managers  discovered  that  stimulating  hydrocarbon  degradation  was  most  effective 
by  removing  snow  early  to  promote  early  warming,  pumping  snowmelt  water  to  allow  air 
infiltration,  and  adding  lime  to  increase  the  pH.  Within  3  years,  the  total  petroleum 
hydrocarbons  had  decreased  from  16,000  mg/kg  to  less  than  1,600  mg/kg  (Fredrickson, 
1714). 

Another  bioremediation  site  was  Point  Thomson  located  at  Alaska’s  northern 
extreme  approximately  100  miles  east  of  Kuparuk.  There,  ambient  temperatures  ranged 
from  30  to  46  °F  in  the  summer  and  -20  to  -6  °F  in  the  winter.  In  1989,  samples  indicated 
diesel  contamination  of  3,000  ppm  TPH  underneath  a  gravel  pad.  Since  the  short 
summer  lasts  a  maximum  of  8  to  10  weeks  with  soil  temperatures  at  about  41  °F,  the  lag 
time  for  microorganism  acclimation  may  take  several  days  to  two  weeks.  Preliminary 
laboratory  assessments  showed  that  bioremediation  could  be  an  effective  treatment.  They 
found  that  the  percentage  of  petroleum  degrading  microorganisms  at  the  site  ranged  from 
0.7  to  61 . 1  %  of  the  total  number  present.  The  site  was  characterized  as  nutrient-limited 
with  a  pH  of  8.7.  Based  on  laboratory  results,  project  managers  decided  to  apply  a 
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nutrient  and  microbial  cultured  solution.  Measurements  taken  in  1990,  the  first 
remediation  season,  indicated  that  the  microbial  population  increased  by  an  average  of  1 
to  1.5  orders  of  magnitude  while  TPH  concentrations  decreased  by  an  average  of  36  %. 
Over  three  seasons,  TPH  concentrations  were  reduced  by  80%  from  1,419  to  286  ppm. 
Although  the  200  ppm  cleanup  guideline  of  the  Alaskan  regulatory  agency  was  not  met, 
the  results  demonstrated  that  bioremediation  accelerated  microbial  degradation  of  the 
diesel  contaminant  (Liddell,  132-136).  More  importantly,  the  project  demonstrated  that 
bioremediation  can  be  effective  in  arctic  environments. 

Another  remediation  project  conducted  at  a  remote  military  base  located  at 
Shemya,  Alaska,  demonstrated  the  effectiveness  of  biodegradation  at  low  temperatures 
using  an  ex-situ  bio  venting  design.  Two  aerated  biopit  remediation  cells  were 
constructed  to  treat  contaminated  soil  with  an  air  flow  rate  ranging  from  19  to  30  ft^/min. 
The  experiment  included  a  fertilized  and  nonfertilized  treatment  lasting  148  days  with 
ambient  temperatures  ranging  from  -3  to  6  “C.  The  total  volume  of  diesel  fuel 
contamination  was  unknown  but  estimated  to  be  much  greater  than  67,000  gallons. 
Temperature  measurements  were  taken  hourly  by  an  automatic  data  logger  at  four 
different  depths  at  four  locations  in  each  treatment  cell.  Results  showed  that  temperatures 
in  the  fertilized  treatment  cell  were  higher  than  the  nonfertilized  cell  and  the  ambient 
conditions.  Additionally,  the  minimum  temperature  of  the  fertilized  cell  over  all  depths 
was  always  greater  than  the  maximum  temperature  at  any  depth  of  the  nonfertilized  cell. 
The  data  also  showed  that  the  injected  ambient  air  has  a  cooling  effect  and  indicated  that 
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convective  cooling  effects  were  not  spatially  biased.  With  an  initial  TPH  level  of  1304 
mg/kg,  the  fertilized  cell  satisfied  the  Alaskan  DOE  Conservation  guidelines  of  200 
mg/kg  of  diesel-range  petroleum  hydrocarbons  in  less  than  1 1 5  days.  On  the  other  hand, 
the  nonfertilized  cell  had  not  satisfied  the  cleanup  target  level  after  148  days  (Brar,  127- 
130).  This  project  demonstrated  that  bioventing  can  successfully  work  in  cold  climates 
but  nutrients  may  be  required  in  order  to  reduce  remediation  time. 

CRREL  has  performed  extensive  research  on  the  fate  and  effects  of  crude  oil 
spilled  in  subarctic  climates.  Two  experimental  spills  of  Prudhoe  Bay  crude  oil  were 
conducted  in  February  and  July  1976  at  a  research  watershed  48  km  north  of  Fairbanks, 
Alaska.  The  spill  sites  were  studied  intensively  prior  to  and  for  three  years  following  the 
spill.  It  was  also  revisited  in  1990  “to  assess  the  long-term  effects  on  permafrost  and 
vegetation,  as  well  as  long-term  changes  in  oil  chemistry.”  In  1978,  Collins  and  others 
noted  increased  microbial  activity  in  those  areas  where  oil  concentration  had  been 
extremely  high.  At  the  spill  performed  during  the  winter,  oil  contamination  did  not 
migrate  as  far  as  the  summer  spill  and  had  less  oil  spreading  into  the  sub-surface. 
Permafrost  for  the  area  was  defined  as  discontinuous  but  measurements  taken  at  an 
undisturbed  control  plot  showed  permafrost  at  57  cm.  Comparatively,  permafrost  at  the 
spill  site  had  increased  to  among  70  and  88  cm  (Collins  et  al.,  1-3).  The  study  also 
demonstrated  that  weathering  of  the  oil  resulted  in  the  loss  of  volatiles  (C5  -  C9)  first. 
Researchers  detected  no  volatiles  17  months  after  the  spill  but,  they  were  still  detectable 
in  the  organic  and  mineral  soils.  Even  15  years  later,  volatiles  were  still  detectable  which 
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was  unexpected  but  likely  attributed  to  the  low  flux  of  air.  This  is  indicative  of  the 
persistence  of  an  oil  spilled  on  soils  underlain  by  permafrost  (Collins  et  al.,  9,17). 
Furthermore,  it  was  determined  that  surface  soil  samples  had  degraded  more  than 
subsurface  samples.  This  suggests  that  the  warmer  surface  temperatures  and  aerobic 
conditions  allow  microbiological  activity  to  change  the  composition  of  the  oil 
contamination  and  is  conducive  for  the  presence  of  oil-degrading  bacteria.  The  authors 
also  agree  “that  bioremediation  techniques  could  be  used  to  enhance  natural 
biodegradation  in  this  type  of  setting  if  the  factors  limiting  microbial  activities  are 
ameliorated”  (Collins  et  al.,  1 7). 

Permafrost  is  defined  as  frozen  soil  with  temperatures  below  0  °C  persistently 
over  at  least  two  consecutive  years.  In  the  zone  above  the  permafrost,  high  soil  moisture 
is  present  in  the  seasonally  thawed  layer  just  beneath  the  surface  and  is  called  the  active 
layer.  Permafrost  impedes  soil  drainage  creating  an  impermeable  barrier  and  underlies 
approximately  80  %  of  Alaska.  Increasing  the  permafrost  depth  or  melting  it  will  have  a 
significant  impact  on  any  industrial  or  human  activity  in  the  area.  Thermal  degradation 
of  permafrost  leads  to  erosion  of  the  frozen  soil  creating  unstable  soil  layers  (Johnston, 
21,31).  The  unstable  soil  layer  is  manifested  as  a  soil  flow  or  landslide  resulting  in  the 
removal  of  the  insulating  vegetative  cover  and  the  toppling  of  trees  (Johnston,  62-63). 

Damage  to  the  permafrost  was  a  primary  concern  to  project  managers  trying  to 
remediate  a  remote  USAF  station  under  harsh  conditions  and  located  above  the  Arctic 
Circle.  The  site  is  located  approximately  610  miles  northwest  of  Anchorage  along  the 
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coastline.  In  1984,  a  ruptured  diesel  fuel  pipeline  contaminated  a  tundra  hillside  covering 
two  acres.  Very  little  recovery  of  vegetation  had  been  noted  in  1989  when  project 
managers  considered  tilling  as  an  active  bioremediation  approach  to  clean  up  the  site. 

Due  to  the  likelihood  of  damaging  the  underlying  permafrost,  they  decided  to  passively 
remediate  the  site  (Piotrowski  et  al.,  115-116).  Two  approaches  were  selected.  One 
technique  was  landfarming  where  the  contaminated  soil  was  excavated,  replaced  with 
clean  fill,  and  biologically  treated  in  a  lined  land  treatment  imit.  The  second  technique 
employed  was  a  surfactant  application.  The  surfactant  included  a  solution  of  nutrients 
that  would  enhance  microbial  activity.  Project  managers  felt  that  application  of  a  non¬ 
toxic,  biodegradable  surfactant  would  render  residual  contamination  more  accessible  to 
microorganisms  since  organic  compounds  generally  degrade  in  the  aqueous  phase 
(Piotrowski  et  al.,  1 19,122).  The  time  frame  for  remediation  success  was  limited  between 
May  and  September  of  each  year  because  freezing  temperatures  reduced  microbial 
activity  and  prevented  many  operations  from  occurring.  During  the  period,  August  1 989 
through  September  1 990,  the  overall  reduction  in  TPH  concentration  with  the 
landfarming  technique  was  approximately  75%  (Piotrowski  et  al.,  136).  On  the  other 
hand,  the  surfactant  technique  was  not  effective  in  reducing  TPH  concentrations. 

This  literature  review  has  demonstrated  the  efficacy  of  bioremediation  in  colder 
climates  like  Alaska.  Although  it  is  primarily  a  seasonal  operation  limited  to  the  summer 
months  when  ambient  conditions  are  conducive,  engineered  bioremediation  can  extend  in 
situ  conditions  allowing  microbial  degradation  of  contaminants  to  occur  in  the  colder 
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months.  Bioventing  applications  under  these  conditions  have  also  been  demonstrated. 
This  research  is  illustrated  by  the  project  focused  in  this  thesis  and  discussed  in  the  next 
section. 
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III.  Project  Design  and  Methodology 


3.1  Site  Description 

Eielson  AFB  is  an  active  US  Air  Force  base  located  at  64°  40’N  and  147°  6’W, 
approximately  25  miles  southeast  of  Fairbanks,  Alaska  in  the  Alaskan  Interior.  At  an 
elevation  of  561  ft,  the  climate  at  Eielson  AFB  is  considered  sub-arctic  with  an  average 
annual  temperature  of  0  °C.  Temperatures  range  below  -30  °C  to  above  +30  °C.  Within 
the  base’s  fuel  distribution  network,  a  JP-4  jet  fuel  spill  occurred  near  an  active  runway. 
Soil  at  the  contamination  site  is  primarily  glaciofluvial  deposits  and  is  characterized  as 
interbedded  layers  of  loose  sand  and  grave  with  silt  concentration  increasing  to  a  depth  of 
2  meters.  The  area  is  marked  by  discontinuous  permafrost  but  it  does  not  occur  in  the 
vicinity  of  the  contaminated  site.  The  groundwater  table  at  the  base  measures  between  5 
and  15ft.  Within  the  area  of  the  bioremediation  project,  “the  groundwater  level  is  at 
approximately  9.5  ft  near  the  background  and  7  ft  in  the  contaminated  area.” 

Additionally,  the  underlying  sole-source  aquifer  has  a  few  zones  of  contamination 
(Leeson  et  al.,  285-288). 

The  total  surface  area  of  the  bioventing  remediation  effort  is  approximately  1  acre 
including  the  background  area  and  shown  by  the  following  drawing  (Figure  3).  Oxygen 
was  injected  at  rates  between  2.5  -  10  ft^/min.  All  plots  were  thermally  isolated  from  the 
adjacent  test  plots  by  a  minimum  spacing  of  approximately  30  feet.  The  active  and 
passive  warming  plots  were  insulated  with  Styrofoam™  while  the  control  plot  was  not. 
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In  addition,  an  uncontaminated  and  unheated  background  plot  was  located  about  200  feet 


from  the  test  site  (Leeson  et  al.,  288). 


Figure  3:  Eielson  AFB  Remediation  Site 


S.2  Site  Contamination 

Samples  of  soil,  soil  vapor,  and  groundwater  indicated  significant  concentrations 
of  hydrocarbons.  Soil  samples  showed  more  the  common  contaminants  as  n-octane,  n- 
dodecane,  n-heptane,  and  toluene.  In  soil  vapor  samples,  2,4-dimethylpentane,  2- 
methylpentane,  benzene,  n-heptane,  n-hexane,  and  toluene  were  most  common  with 
higher  concentrations  present  in  the  warm  water  and  passive  warming  plots  as  shown  by 
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Table  4  (Battelle,  Appendix  K-1).  One  of  the  project  managers,  Dr.  Gregory  Sayles, 
stated  that  contamination  levels  were  lower  in  the  warm  water  plot  (Personal 
Communication). 

Table  4:  Distribution  of  Contaminants  in  Soil  Gas  Samples  in  August  1991 


Compound  Concentration  (ppmv)  at  Location 


AlA 

P2A 

P4A 

PSA 

P6A 

ATM2' 

ATM4' 

ATM6’ 

Bkgd 

Total  C5  -C|5 

29750 

11503 

1567 

30782 

<0.080 

46 

<0.080 

<0.080 

<0.080 

Total  Cj 

30000 

11599 

1580 

31039 

<0.080 

48 

<0.080 

<0.080 

<0.080 

Benzene 

402 

678 

32 

808 

<0.005 

7.02 

i 

<0.005 

<0.005 

<0.005 

2,4- 

Dimethylpentane 

2055 

1441 

159 

2906 

<0.007 

7.19 

<0.007 

<0.007 

1 

<0.007 

Ethylbenzene 

18.48 

6.01 

<0.004 

18 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

n-Heptane 

1335 

526 

83 

1665 

<0.005 

6.14 

<0.005 

<0.005 

<0.005 

n-Hexane 

3718 

<0.005 

276 

3078 

<0.005 

10.4 

<0.005 

<0.005 

<0.005 

2-Methylpentane 

2830 

2060 

181 

3684 

<0.007 

<0.007 

<0.007 

<0.007 

1 

<0.007 

n-Octane 

406 

67 

21 

464 

<0.004 

L 

<0.004 

<0.004 

<0.004 

<0.004 

n-Pentadecane 

<0.004 

0.23 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

<0.004 

Toluenes 

227 

296 

35 

778 

<0.003 

2.2 

<0.003 

<0.003 

<0.003 

p-Xylenes 

60 

<0.003 

<0.003 

45 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

Description  of  Locations: 

A1 A  Warm  water  plot  probe  at  depth  of  5.25  ft 

P2A,  P4A,  P5A,  and  P6A  Passive  warming  plot  probes  all  at  a  depth  of  5.25  ft 

ATM2’,  ATM4’,  ATM6’  Ambient  air  samples  at  2, 4,  and  6  ft  above  the  site 
Bkgd  Background  (uncontaminated)  area 

Additionally,  groimdwater  samples  showed  significant  concentrations  of  total 
hydrocarbons.  Initial  TPH  contamination  levels  in  groundwater  are  reflected  in  the 
following  table  (Battelle,  15,19). 
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Table  5:  TPH  Contamination  in  Groundwater  Samples,  August  1991 


Backgroimd 

Extraction  Well 

Warm  Water 

Passive  Warming 

Control 

<0.0002  mg/L 

20  mg/L 

17  mg/L* 

15  mg/L' 

15  mg/L* 

‘Average  of  two  samples. 

Before  the  project  began,  laboratory  studies  isolated  hydrocarbon  degrading 
microorganisms  and  demonstrated  degradation  at  temperatures  ranging  from  2  °C  to  20 
°C.  Compared  against  a  control  column  of  soil,  researchers  discovered  that  as  the 
temperature  increased  to  20  °C,  the  production  of  CO2  was  much  greater  with  the  Eielson 
soil  sample.  This  suggested  that  the  indigenous  microorganisms  were  adapted  to  the 
colder  climate  and  that  their  natural  metabolic  rate  was  comparable  to  those  organisms 
found  in  more  temperate  climates.  Based  on  the  laboratory  results,  field  studies  were 
initiated  (Leeson  et  al.,  290). 


3.3  Soil  Warming  Methodologies 

3.3.1  Warm  Water  (Active  Warming)  Plot 

The  warm  water  plot  at  the  Eielson  AFB  site  is  referred  to  in  published  articles  as 
the  active  warming  plot.  The  site  map  is  shown  in  Figure  4.  Plot  details  are  described 
below  (Battelle,  24,26): 

•  Four  shallow  bioventing  wells  installed  in  1 99 1 . 

•  One  deep  bioventing  well  installed  in  1992. 

•  Within  the  plot,  four  sets  of  “A”  thermocouples  measuring  temperatures  at  depths  of 
5.25,  4.25,  and  2.0  ft  installed  in  1991. 

•  Two  sets  of  “B”  thermocouples  measuring  temperatures  at  depths  of  6.0, 4.0,  and  2.0 
ft  installed  in  1992. 
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•  One  thermocouple  located  at  the  end  of  a  trench  measuring  the  temperature  next  to 
the  soaker  hose  at  a  depth  of  2.0  ft. 

•  Six  sets  of  soil  gas  monitors  installed  in  1991  at  depths  of  5.25, 4.25,  and  2.0  ft. 

•  Two  sets  of  soil  gas  monitors  installed  in  1992  at  depths  of  7.5, 4.5,  and  2.5  ft. 

•  One  groundwater  well  for  the  supply  and  return  of  water  circulating  through  the 
soaker  hoses  buried  in  perforated  PVC  pipe. 

•  Surface  area  covered  by  Styrofoam^“  insulation  to  retain  heat. 
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7'  from  plot 
21 

5.25,  4.25  &  2- 


o 


on  soaker  hose  (2.5  ft) 


Air  Injection  Point 


[  [  Thermocouple 


Groundwater  Monitoring 
Soil  gas  Probe 


*On  this  and  the  following  maps,  thermocouples  numbers  separated  by  a  hyphen  are  inclusive, 
e.g.,  16-18  indicate  thermocouple  numbers  16,  17,  and  18. 

**Two  additional  sets  of  thermocouples,  10-12  and  13-15,  are  located  18'  and  39’  right  of 
thermocouples  7-9. 


Figure  4:  Warm  Water  Plot 


The  plot  is  characterized  by  five  50  ft  length  trenches  at  depths  of  2.5  ft  and  spaced  10  ft 
apart.  Two  50  ft  lengths  of  soaker  hoses  were  placed  inside  perforated  PVC  sewer  pipes 
and  buried  along  the  length  of  the  trenches.  The  soaker  hoses  were  linked  to  form  a  loop 
and  protected  from  freezing  by  heat  tape  in  the  sewer  pipes.  Water  was  pumped  from  a 
well  at  the  site  and  circulated  through  the  loop  of  soaker  hoses.  The  water  volume  was 
controlled  by  the  use  of  gate  valves  and  heated  by  three  in-line  instantaneous  water 
heaters  connected  in  parallel.  The  pumped  water  volume  “injected  into  the  site  was 
increased  when  the  pressure  on  the  soaker  hoses  was  increased.”  The  system  operated 
under  a  general  pressure  of  25-30  psi.  The  water  pump,  heaters,  and  extraction  well  were 
installed  beneath  the  surface  to  prevent  contaminated  groundwater  from  reaching  the 
surface  (Battelle,  24,26, Appendix  B-9).  The  water  was  heated  to  approximately  35  °C 
and  about  1  gal/min  of  water  was  released  into  the  subsurface  dispersion  manifold. 

Active  heating  of  the  plot  did  not  begin  until  October  1991  (Leeson  et  al.,  289,291). 
Water  heating  and  circulation  continued  until  July  1993  when  the  system  was  turned  off 
and  insulation  removed.  This  was  done  in  order  to  provide  a  comparison  of  microbial 
activity  without  heating  (Battelle,  22). 

3.3.2  Passive  Warming  Plot 

Designed  to  maximize  solar  warming,  the  passive  warming  plot  promoted  soil 
warming  with  different  coverings,  depending  on  the  season.  The  plot  was  covered  by 
black  landscaping  cloth  with  clear  plastic  added  during  the  spring  and  summer.  During 
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winter  months,  the  plot  was  covered  with  Styrofoam^”  insulation  and  a  nylon  tarp  secured 
by  ropes  and  boards.  During  the  second  year,  black  weed  stopper  was  placed  underneath 
the  clear  plastic  to  reduce  plant  growth.  Shown  in  Figure  5,  the  plot  is  described  in  detail 
below  (Battelle,  26,  Appendix  B-1 1): 

•  F our  shallow  bioventing  wells  installed  in  1 99 1 . 

•  One  deep  bioventing  well  installed  in  1992. 

•  Three  sets  of  “A”  thermocouples  measuring  temperatures  at  depths  of  5.25, 4.25,  and 
2.0  ft  installed  in  1991. 

•  Two  sets  of  “B”  thermocouples  measuring  temperatures  at  depths  of  6.0, 4.0,  and  2.0 
ft  installed  in  1992. 

•  Six  sets  of  soil  gas  monitors  installed  in  1991  at  depths  of  5.25,  4.25,  and  2.0  ft. 

•  Two  sets  of  soil  gas  monitors  installed  in  1992  at  depths  of  7.5, 4.5,  and  2.5  ft. 

•  One  groundwater  monitoring  well. 

•  Surface  area  covered  by  Styrofoam^”  insulation  to  retain  heat. 
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5.25,  4.25  &  2' 


7.5,  4.5  &  2.5' /SB 


6,4&2' 


5.25,  4.25  &  2' 


Scale:  1  inch  =  10  feet 


Q  Air  Injection  Point  0  Groundwater  Monitoring 

Q  Thermocouple  Soil  gas  Probe 

Figure  5:  Passive  Warming  Plot 


3.3.3  Control  Plot 

The  control  plot  was  constructed  in  order  to  provide  a  comparison  against  an 
untreated  contaminated  plot.  Similarly,  air  was  injected  at  the  plot  but  no  surface  covers 
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were  utilized  during  the  treatment  period.  Shown  in  Figure  6,  the  plot  is  described  in 
detail  below  (Battelle,  29): 

•  Four  shallow  bioventing  wells  installed  in  1 99 1 . 

•  One  deep  bioventing  well  installed  in  1992. 

•  Two  sets  of  “A”  thermocouples  measuring  temperatures  at  depths  of  5.25, 4.25,  and 
2.0  ft  installed  in  1991. 

•  Two  sets  of  “B”  thermocouples  measuring  temperatures  at  depths  of  7.5,  4.5,  and  2.5 
ft  installed  in  1992. 

•  Six  sets  of  soil  gas  monitors  installed  in  1991  at  depths  of  5.25,  4.25,  and  2.0  ft. 

•  Two  sets  of  soil  gas  monitors  installed  in  1992  at  depths  of  7.5,  4.5,  and  2.5  ft. 

•  One  groundwater  monitoring  well. 
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Figure  6:  Control  Plot 


3.3.4  Heat  Tape  (Surface  Warming)  Plot 

This  plot  is  referred  to  in  published  articles  as  the  surface  warming  plot.  It  was 
installed  in  September  1992  after  being  funded  by  the  EPA.  This  heating  technique 
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provides  another  warming  comparison.  Shown  in  Figure  7,  the  plot  is  described  in  detail 
below  (Battelle,  29,32): 

•  Four  shallow  bioventing  wells  installed  in  1992. 

•  One  deep  bioventing  well  installed  in  1992. 

•  Within  the  plot,  three  sets  of  “B”  thermocouples  measuring  temperatures  at  depths  of 
7.5, 4.5,  and  2.5  ft  installed  in  1992. 

•  One  “B”  thermocouple  located  at  the  end  of  a  heat  tape  row  measuring  the  adjacent 
temperature  at  a  depth  of  3.0  ft. 

•  Six  sets  of  soil  gas  monitors  installed  in  1992  at  depths  of  7.5,  4.5,  and  2.5  ft  except 
for  point  #4  installed  at  depths  of  7.0, 4.0,  and  2.0  ft. 

•  Surface  area  covered  by  Styrofoam^“  insulation  to  retain  heat. 
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Figure  7:  Heat  Tape  Plot 


Two  overlapping  strips  of  heat  tape  were  installed  at  a  depth  of  3  fit  in  a  serpentine 
fashion  in  nine  rows  5  ft  apart  with  the  first  and  last  rows  5  ft  from  the  border.  The 
overlapping  strips  were  powered  separately  to  allow  one  strip  to  be  disconnected  if  soil 
temperatures  rose  too  high.  Each  row  of  heat  tape  terminated  5  ft  from  the  edge  of  the 
plot  (Battelle,  32).  The  strips  of  heat  tape  provide  a  heat  rate  of  5-6  W/ft  with  a  total  heat 
load  to  the  plot  of  about  1  W/ft^  (Sayles  et  al.  (1994),  146). 

3.3.5  Perimeter  and  Background  Area 

Additional  thermocouples  were  installed  along  the  perimeters  of  the  four 
contaminated  plots.  Outside  of  the  heat  tape  plot,  two  soil  gas  probes  were  installed. 
Additional  soil  gas  monitoring  points  were  established  throughout  the  entire  site  to 
monitor  O2  concentrations.  An  uncontaminated  background  area  was  located 
approximately  200  feet  southwest  of  the  site.  Two  soil  gas  monitoring  points  and  a  three- 
level  thermocouple  were  installed  there.  One  soil  gas  monitor  was  buried  at  a  depth  of 
3.5  ft  with  the  other  probe  monitoring  three  depths:  2.5,  4.5,  and  7.5  ft.  Additionally,  the 
background  area  was  not  insulated  (Battelle,  32). 

3.4  Bioventing  System  Design 

Installed  in  1991,  the  spacing  and  placement  of  the  bioventing  wells  were 
designed  on  a  conservative  assumption  that  the  effective  radius  of  influence  for  oxygen 
injection  was  only  15  ft.  The  configuration  of  the  soil  warming  plots  and  the  sampling 
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objectives  also  helped  determine  the  location  of  the  wells.  Four  wells  located  30  ft  apart 
were  installed  to  allow  for  adequate  and  uniform  aeration  of  the  individual  test  plots. 

This  spacing  ensured  that  soil  temperature  was  the  only  characteristic  varying  between 
the  plots.  After  a  year  of  operation,  a  fifth  vent  well  was  installed  at  the  center  of  each 
test  plot  (Battelle,  43).  Following  air  permeability  tests  at  the  plots,  radius  of  influence 
calculations  showed  an  average  radius  of  61  ft  at  the  6  ft  depth.  The  radius  of  influence 
ranged  from  “40  ft  for  the  passive  warming  plot  to  77  ft  for  the  surface  warming  test 
plot.”  As  a  result  of  the  permeability  tests,  the  project  managers  concluded  that  a 
bioventing  well  spacing  of  80  ft  may  be  sufficient  to  cover  the  site.  Furthermore,  to  treat 
the  1  acre  site,  approximately  9  wells  would  be  required  (Battelle,  72,75).  The  project 
managers  used  this  information  and  turned  off  the  initial  four  vent  wells.  “Except  for  the 
warm  water  plot,  the  test  plots  required  only  one  injection  well  in  operation  to  meet 
oxygen  demand”  (Sayles  et  al.  (1995),  300). 

3.5  Soil  Gas  Sampling  and  In  Situ  Respiration  Testing 

Soil  gas  sampling  was  conducted  approximately  on  a  weekly  basis.  On  numerous 
occasions,  high  soil  moisture  content  prevented  sampling  from  some  soil  gas  monitoring 
points  (Battelle,  51).  This  weekly  soil  gas  data  is  not  presented  nor  analyzed  as  part  of 
this  thesis  effort.  Instead,  the  O2  consumption  data  calculated  from  the  in-situ  respiration 
tests  is  analyzed  to  determine  biodegradation  rates  occurring  at  the  site.  As  discussed 
earlier,  the  principal  measure  used  for  monitoring  microbial  activity  at  bioventing  sites  is 
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an  in  situ  respiration  test.  This  test  measures  oxygen  depletion  and  takes  about  5  to  7 
days  to  complete.  After  turning  off  the  air  injection,  changing  levels  of  O2  in  the  soil  gas 
are  then  monitored.  Like  most  tests,  any  results  should  be  compared  to  background 
monitoring  points.  At  Eielson  AFB,  background  monitoring  points  showed  that  the 
effective  microbial  oxygen  consumption  was  zero. 

At  the  Eielson  AFB  project,  abbreviated  in  situ  respiration  tests  were  conducted 
every  30  to  60  days.  These  abbreviated  tests  involved  a  partial  sampling  of  the  soil  gas 
probes.  Approximately  every  three  months,  full  in  situ  respiration  tests  were  performed 
with  samples  attempted  at  all  probes.  From  the  available  oxygen  consumption  data, 
linear  regressions  were  performed  to  calculate  a  slope  in  units  of  [%  O^/hr]  for  each  soil 
gas  probe  depth  and  individual  test.  It  was  assumed  that  the  slope  indicates  the  rate  that 
indigenous  microorganisms  consume  oxygen.  Therefore,  a  positive  slope  is  not  feasible 
since  this  would  indicate  the  production  of  oxygen.  Only  those  slopes  that  are 
approximately  zero  or  negative  are  acceptable.  In  performing  linear  regressions,  an  R 
value  of  0.45  was  selected  as  the  minimum  acceptable  for  analysis.  At  the  passive 
warming  and  control  plot,  nearly  all  values  were  greater  than  0.90.  But,  for  the  warm 
water  and  the  heat  tape  plots,  a  lower  acceptable  R  value  was  required  in  order  to  have 
sufficient  data  to  analyze.  The  lower  R^  values  obtained  from  these  two  actively  warmed 
plots  suggest  the  following  possibilities:  1 )  environmental  conditions  in  the  soil 
prevented  a  linear  decay  of  oxygen;  2)  another  variable,  such  as  soil  moisture,  changed 
the  assumed  oxygen  consumption  relationship  from  a  zero  order  to  a  higher  order  one  or 
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a  discontinuous  regression;  3)  environmental  conditions  made  it  difficult  to  take  accmate 
samples;  or  4)  the  warm  water  and  heat  tape  plots  were  not  identical  or  similar  to  the 
control  and  passive  warming  plot,  e.g.,  they  were  positioned  downgradient  or  the 
underlying  soil  characteristics  were  much  different. 

3.6  Temperature  Data  Paired  with  Oxygen  Consumption  Data 

Soil  temperature  measurements  were  recorded  automatically  two  to  three  times 
daily  with  an  automatic  data  logger.  Data  points  taken  every  two  to  four  days  are 
available  in  the  appendices  of  the  project  report  written  by  Battelle  and  others.  To 
determine  the  true  biodegradation  rate  occurring  at  each  soil  gas  probe  and  depth, 
temperatures  at  a  point  in  time  were  paired  with  the  corresponding  oxygen  consumption 
rate  for  the  same  time  period.  Determination  of  temperatures  at  a  specific  location  for 
each  plot  are  detailed  below.  In  determining  temperatures,  it  was  assumed  that  soil  layers 
were  homogeneous  at  a  particular  depth.  When  temperature  data  was  unavailable  for  the 
middle  depth  range,  an  average  between  the  shallow  and  deep  depths  was  taken.  If  data 
was  unavailable  at  the  other  depths,  deep  or  shallow,  it  was  estimated  from  the  nearest 
thermocouple  at  the  same  depth.  The  paired  temperature  values  are  shown  in  Appendix 
C  with  the  calculated  oxygen  consumption  rates.  Details  on  the  determination  of 
temperatures  is  given  below. 
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3.6.1  Warm  Water  Plot  Temperature  Derivation 

It  is  assumed  that  within  this  plot  the  soil  temperature  gradient  between  each  row 
of  warm  water  soaker  hoses  was  identical  to  other  rows  at  the  corresponding  depth. 
However,  due  to  the  decreasing  water  temperature  from  the  point  of  injection,  linear 
interpolations  were  performed  along  a  parallel  of  the  hoses.  The  interpolations  utilized 
available  temperature  data,  whether  thermocouples  were  located  between  the  same  hoses 
or  not.  Located  at  the  same  y-coordinate,  temperatures  from  thermocouples  1 A-3A  were 
used  to  estimate  that  present  at  the  matching  depths  of  soil  gas  probe  1 .  Temperatures  at 
soil  gas  probes  2  and  3  were  linearly  interpolated  between  thermocouples  1A-3A  and  4A- 
6A.  For  soil  gas  probes  4,  5,  and  6,  temperatures  were  interpolated  between 
thermocouples  4A-6A  and  16A-18A  with  data  at  matching  depths.  Temperatures  at  soil 
gas  probes  7  and  8  were  interpolated  between  thermocouples  1A-3A  and  4A-6A. 

3.6.2  Passive  Warming  Plot  Temperature  Derivation 

Since  no  active  heating  was  performed  at  this  plot  and,  based  on  the  principal 
assumption  of  site  homogeneity,  it  was  assumed  that  soil  temperatures  were  constant 
throughout  the  plot  at  a  particular  depth.  Thermocouples  22A-24A,  25A-27A,  and  28A- 
30A  were  installed  at  the  same  time  and  at  the  same  depths  as  soil  gas  probes,  1-6. 
Temperature  measurements  at  these  locations  were  averaged  by  depth  and  used  as  an 
estimate  for  the  corresponding  soil  gas  probe  depth  at  that  point  in  time.  Thermocouples 
28B-30B  and  3 1B-33B  were  installed  at  the  same  time  as  soil  gas  probes  7  and  8  but  not 


67 


at  matching  depths.  Nevertheless,  temperatures  from  these  thermocouples  were  also 
averaged  and  matched  according  to  depth  with  the  corresponding  oxygen  rate  data 
because  these  later  thermocouples  were  installed  deepest  at  the  plot. 

3.6.3  Control  Plot  Temperature  Derivation 

Since  there  was  no  active  heating  or  disruptive  installation  activity,  it  was 

assumed  that  soil  temperature  was  constant  at  all  depths  throughout  this  plot.  This 

assumption  is  identical  to  that  applied  at  the  passive  warming  plot.  Since  thermocouples 

3 1 A-33A  and  34A-36A  were  installed  at  the  same  time  and  the  same  depths  as  soil  gas 

% 

probes  1-6,  temperature  measurements  for  these  points  were  averaged  by  depth  and  used 
as  an  estimate  for  the  corresponding  soil  gas  probe  depth.  Similarly,  thermocouples  16B- 
18B  and  19B-21B  were  installed  at  the  same  time  and  the  same  depths  as  soil  gas  probes 
7  and  8.  Temperatures  from  these  thermocouples  were  also  averaged  and  matched 
according  to  depth  with  the  oxygen  rate  data  corresponding  in  time. 

3.6.4  Heat  Tape  Plot  Temperature  Derivation 

Identical  to  the  warm  water  plot  assumption,  the  soil  temperature  gradient 
between  each  heat  tape  row  is  assumed  to  be  identical  across  the  plot  at  corresponding 
depths.  Linear  interpolations  at  each  depth  were  performed  along  a  parallel  of  heat  tape 
rows.  The  interpolations  utilized  available  temperature  data,  whether  thermocouples 
were  located  between  the  same  tape  rows  or  not.  Temperatures  from  thermocouples  IB- 
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3B  estimate  those  occurring  at  soil  gas  probe  1  since  they  are  located  at  identical  depths 
and  next  to  each  other.  The  same  holds  true  for  thermocouples  4B-6B  and  soil  gas  probe 
2.  Temperatures  estimated  for  soil  gas  probes  1  and  2  were  averaged  and  assumed  for 
those  occurring  at  soil  gas  probe  3  since  these  probes  were  located  along  the  same  Y- 
coordinate.  Temperatures  at  soil  gas  probes  4  and  5  were  linear  extrapolated  between 
thermocouples  4B-6B  and  7B-9B.  For  soil  gas  probe  6,  temperatures  were  estimated 
from  thermocouple  7B-9B  since  they  are  both  located  at  the  same  Y-coordinate.  During 
some  in  situ  respiration  tests,  temperature  data  was  unavailable  for  thermocouple  4B; 
therefore,  thermocouple  IB  was  the  data  estimate. 

3. 7  Data  Analysis  Approach 

Following  a  discussion  on  soil  temperatures  at  the  plots  and  changes  in  such,  the 
temperature  and  biodegradation  rate  relationship  will  be  explored.  Biodegradation  rates 
using  the  van’t  Hoff- Arrhenius  equation  will  be  investigated  and  linear  plots  developed 
where  possible.  Additionally,  biodegradation  rates  will  be  calculated  and  compared 
based  on  the  equations  used  by  the  Eielson  AFB  project  managers.  Throughout  this 
analysis  effort,  data  within  depth  ranges  will  be  kept  separate  and  distinct  from  the  others. 
It  is  important  not  to  average  data  among  the  depths  since  contamination  will  be 
inconsistently  distributed  vertically  and  likely  to  migrate  to  the  lower  depths.  However,  it 
was  assumed  that  the  contamination  is  distributed  homogeneously  in  the  horizontal 
direction.  Furthermore,  it  is  important  to  examine  the  effectiveness  of  soil  warming  and 
changes  in  biodegradation  over  time.  Averaging  temperature  or  soil  gas  data  covering 
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different  seasons  may  not  accurately  depict  what  is  truly  occurring,  e.g.,  the  effect  on 
biodegradation  rates  in  spring  by  adding  warm  water  to  soil  already  saturated  with 
melting  snow. 
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IV.  Results  and  Discussion 


4.1  Plot  Temperatures 

Air  injection  and  temperature  monitoring  began  in  August  1991.  The  full  effect 
of  soil  warming  from  summer  temperatures  did  not  occur  during  this  first  year  of 
operation  (Leeson  et  al.,  290-291).  As  shown  by  the  data  in  Appendix  A  and  Figures  8- 
1 1 ,  the  warm  water  method  maintained  higher  temperatures  than  the  others  during  the 
periods  that  warm  water  was  being  circulated.  Before  the  heating  was  turned  off,  the 
average  temperature  in  the  warm  water  plot  in  the  winter  was  above  1 0  °C.  During  the 
summer,  temperatures  usually  ranged  from  15  to  20  °C  and  reached  25  °C  at  one  point. 
While  the  warm  water  was  circulating,  temperatures  were  usually  highest  at  the  2.0  ft 
depth.  During  the  winter  months  following  the  heating  shutoff,  this  was  not  the  case,  as 
can  be  seen  by  Figure  8.  The  figures  on  the  following  pages  show  temperatures  by  depth, 
averaged  from  those  thermocouples  discussed  at  the  end  of  Chapter  111. 

Illustrated  by  Figures  9  and  10,  soil  temperatures  at  the  passive  warming  plot 
were  1  to  2  °C  higher  than  the  control  plot  with  the  latter  staying  below  freezing  until 
June.  Adding  plastic  mulching  to  the  passive  warming  plot  increased  this  temperature 
difference  to  7  and  8  °C.  The  heat  tape  method  increased  soil  temperature  to  a  maximum 
of  18.1  °C  with  winter  temperatures  kept  at  approximately  13  °C  (Battelle,  96).  The  heat 
tape  plot  showed  more  consistent  temperatures  throughout  the  study;  however,  the  data 
set  has  several  gaps.  The  heat  tape  plot  was  located  in  a  low-lying  area  where  water 
accumulated  following  snow  melt  in  late  spring. 
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As  shown  by  Figures  8-11,  the  heat  tape  and  warm  water  methodologies  maintained 
higher  soil  temperatures.  Dr.  Leeson  explained  that  they  cycled  the  warm  water 
circulation  and  heating  in  an  attempt  to  balance  plot  temperature  with  soil  moisture  levels 
(Personal  Communication).  High  levels  of  soil  moisture  could  prevent  oxygen  diffusion 
through  the  soil  and  in  the  winter  months  the  plot  is  more  likely  to  freeze  wdthout  high 
heat  circulation.  Therefore,  groundwater  flow  velocity  and  direction  are  a  major 
consideration  when  determining  the  placement  of  a  remediation  plot  using  warm  water 
circulation.  The  water  injected  at  the  warm  water  plot  could  have  adversely  affected  the 
heat  tape  plot  by  adding  more  water  to  that  already  present,  especially  in  the  winter  and 
spring.  Dr.  Gregory  Sayles  stated  that  the  heat  tape  plot  was  indeed  downgradient  from 
the  warm  water  plot  but,  he  believed  that  the  water  injected  reached  the  groundwater  table 
before  reaching  the  heat  tape  plot  (Personal  Communication). 

Given  low  energy  costs,  heat  tape  may  be  most  effective  technique  to  maintain  a 
desired  thermal  gradient.  Unlike  the  passive  warming  and  control  plots,  temperatures  at 
the  shallow  depth  of  2.0  ft  within  the  heat  tape  plot  were  consistently  higher  year-round. 
Since  contamination  migrates  downward,  the  heat  tape  may  be  most  effective  in 
enhancing  biodegradation  if  buried  at  a  depth  of  4  ft  or  deeper.  At  the  control  and  passive 
warming  plots,  temperatures  at  shallow  depths  compared  to  higher  depths  were  higher  in 
the  summer  and  lower  in  the  winter;  this  annual  shift  confirms  the  temperature  profile 
curve  in  Figure  2.  When  comparing  the  passive  warming  and  control  plots,  the  greatest 
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temperatiire  difference  among  all  depths  occurred  at  the  passive  warming  depth  of  2.0  ft 
indicating  that  surface  insulation  and  mulching  greatly  aid  in  heat  retention. 

The  greatest  difference  among  temperatures  at  the  three  depth  ranges  occurred 
within  the  heat  tape  plot.  This  temperature  difference  narrowed  during  the  winter 
indicating  a  diminishing  influence  from  the  3.0  ft  buried  heat  tape.  To  summarize  the 
preceding  figures,  Table  6  illustrates  and  compares  the  effectiveness  of  the  different  soil 
warming  methodologies.  The  table  shows  seasonal  soil  temperatures  averaged  over  all 
depths.  Also  shown  are  the  maximum  and  minimum  temperatrires  which  typically 
occurred  at  the  lowest  or  highest  depths  depending  on  the  season. 
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Table  6:  Summary  of  Soil  Temperatures  (°C)  by  Plot 


Warm 

Water 

Passive  Warm 

Control 

Heat 

Tape 

Season 

Depth 

Max  / 

Depth 

Max/ 

Depth 

Max/ 

Depth 

Max/ 

Avg. 

Min 

Avg. 

Min 

Avg. 

Min 

Avg. 

Min 

Summer  91 

11.9 

8.4 

9.0 

11.1 

■EQ 

mb 

7.9 

Fall  91 

9.6 

3.6 

8.0 

3.0 

8.6 

■HI 

-0.1 

-0.9 

Winter  91 

10.7 

MM 

0.3 

1.7 

-0.5 

1.0 

MB 

-1.1 

-2.3 

Spring  92 

17.7 

25.2 

3.3 

0.1 

9.4 

13.6 

■■Q 

-1.5 

Summer  92 

16.2 

29.2 

14.8 

10.7 

14.7 

12.2 

4.7 

Fall  92 

15.0 

MM 

im 

9.2 

■Bil 

6.3 

8.3 

■SI 

mb 

0.7 

mu 

-0.4 

mb 

Winter  92 

15.0 

19.0 

0.9 

2.5 

0.0 

1.2 

10.1 

MM 

11.4 

-0.2 

-1.4 

mb 

Spring  93 

9.8 

4.0 

16.8 

1.8 

13.3 

11.3 

WtM 

-2.0 

-1.1 

mb 

Summer  93 

14.1 

22.9 

14.4 

20J 

12.3 

18.0 

22.9 

8.6 

8.3 

■■ 

12.5 

Fall  93 

3.2 

MR 

5.2 

10.5 

mm 

9.6 

15.3 

1.1 

mm 

0.9 

■■ 

Winter  93 

-0.8 

1.0 

3.1 

0.2 

11.4 

■EB 

MB 

-0.5 

mb 

Spring  94 

0.3 

9.1 

mm 

inn 

0.3 

8.5 

12.4 

■BH 

-3.8 

■Ml 

-1.9 

■■ 

Summer  94 

6.2 

8.9 

13.4 

8.4 

16.0 

MSB 

3.6 

mb 

■HI 

WEB 

4.2  Plot  Respiration  Rates 

Determining  accurate  and  representative  respiration  rates  proved  to  be  more 
difficult  in  the  actively  warmed  plots  —  warm  water  and  heat  tape;  this  is  discussed  later. 
Soil  gas  data  taken  during  the  in  situ  respiration  tests  was  affected  by  numerous  factors; 
adverse  weather  conditions,  presence  of  high  soil  moisture,  and  interim  data  sampling 
error.  Table  7  shows  the  number  of  linear  regressions  meeting  the  criterion  of  >  0.45. 


The  regressions  were  calculated  from  the  tests  taken  which  are  presented  in  the  draft 


project  report. 


Table  7:  In  Situ  Respiration  Test  Data  Regression  Statistics 


Plot 

#  Acceptable 
Regressions 

Total  #  of  Tests 

Percent 

Acceptable 

Warm  Water 

153 

266 

57.5% 

Passive  Warming 

302 

314 

96.2% 

Control 

212 

258 

82.2% 

Heat  Tape 

91 

177 

51.4% 

Linear  regressions  with  acceptable  R  values  were  more  consistently  calculated  from  the 
soil  gas  data  at  the  passive  warming  and  control  plots.  Regressions  from  those  plots 
typically  had  an  R^  value  >  0.90.  Data  from  the  warm  water  and  heat  tape  plots  showed 
more  scatter  or  had  a  poor  linear  fit.  As  a  result  of  the  data  from  those  plots,  a  minimum 
R  value  of  0.45  was  established  in  order  to  get  a  sufficient  number  of  oxygen 
consumption  rates  for  comparison.  In  many  instances,  a  positive  slope  was  calculated  or 
there  were  an  insufficient  number  of  data  points  to  perform  a  linear  regression.  A  sample 
sheet  showing  linear  regression  calculations  is  shown  in  Appendix  B.  As  stated  before, 
slopes  calculated  from  the  linear  regression  provide  the  oxygen  consumption  rate 
occurring  at  that  point  time  and  location.  The  complete  slope  data  set  is  contained  in 
Appendix  C  with  the  paired  temperature  data.  This  data  set  was  used  to  compute 
averages  and  determine  the  effectiveness  of  the  warming  techniques  on  biodegradation. 
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4.3  Calculated  Biodegradation  Rates 

In  Chapter  II,  two  equations  are  discussed  which  calculate  a  biodegradation  rate, 
given  field  data.  The  third  equation,  van’t  Hoff-Arrhenius,  is  predictive  and  is  discussed 
later  in  this  chapter.  Although  the  simplified  rate  equation  published  in  the  Bioventing 
Test  Plan  and  Technical  Protocol  is  derived  from  that  published  by  Hinchee  and  Ong  in 
1992,  a  comparison  of  the  results  using  both  is  performed.  This  is  done  since  there  is  not 
a  temperature  factor  included  in  the  simplified  equation.  With  the  extreme  cold 
temperatures  and  the  changing  environmental  conditions,  a  comparison  of  the  calculated 
biodegradation  rates  using  both  equations  is  useful  and  may  help  determine  which 
equation,  if  either,  is  more  valid. 

4.3.1  Results  Using  Equation  From  Bioventing  Test  Plan  and  Technical 
Protocol 

Using  the  equation  below,  biodegradation  rates  were  calculated  from  the  oxygen 
consumption  data  at  the  remediation  site.  With  this  equation,  any  inference  into  a 
biodegradation  rate  change  with  temperature  is  only  demonstrated  by  matching  rates  with 
a  time  frame,  i.e.,  date  or  month,  or  a  temperature.  Otherwise,  comparing  biodegradation 
as  a  function  of  temperature  is  ignored. 

[mg  hexandkg soiUday]  =  0.8  x  [% O,  /day]  (13) 

Biodegradation  rates  are  a  simple  calculation  using  the  measured  oxygen  consumption 
data.  Oxygen  consumption  data  was  averaged  within  the  three  depth  ranges  which  is 
included  in  Appendix  D.  Using  the  data  in  Appendix  D,  biodegradation  rates  in  units  of 
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[mg-hexane/kg  soil/day]  are  calculated  and  compared.  The  calculated  rates  are  presented 
in  Appendix  E. 

4.3.2  Results  Using  Equation  Published  in  Hinchee  and  Ong  (1992) 

The  biodegradation  rate  equation  developed  by  Hinchee  and  Ong  was  discussed  in 
Chapter  II.  Presented  below,  this  relationship  includes  a  temperature  factor. 

K  {mg  hexane! kg  soil! day]  =  5516  x  ^  ^  (9) 

Using  the  data  in  Appendix  D,  biodegradation  rates  in  units  of  [mg-hexane/kg  soil/day] 
are  calculated  and  compared  using  both  equations  (9)  and  (13).  The  results  are  included 
in  Appendix  E. 

4.3.3  Comparison  of  Calculated  Biodegradation  Rates 

The  biodegradation  rates  computed  from  the  simplified  equation  compare  well  to 
those  calculated  with  the  Hinchee  emd  Ong  equation.  The  difference  between  computed 
rates  is  never  greater  than  6%.  For  the  heat  tape,  passive  warming,  and  control  plots, 
using  the  simplified  equation  results  in  biodegradation  rate  estimates  lower  than  those 
calculated  by  using  the  Hinchee  and  Ong  equation.  Within  the  relatively  narrow 
temperature  range  observed  in  the  data  set,  approximately  25  °C,  the  simplified  equation 
proves  to  be  an  acceptable  estimation  for  biodegradation.  To  model  the  biodegradation 
rates  occurring  at  the  plots,  the  two  estimates  were  averaged  together  with  the  results 
plotted  in  Figures  12-15.  As  shown  in  the  figures,  several  data  points  are  missing  which 
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are  indicated  by  broken  lines.  For  example,  Figure  12  shows  that  biodegradation  rates 
from  in  situ  respiration  test  #2  were  not  available. 
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5.25-7.5' 
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Figure  13:  Biodegradation  Rates  -  Passive  Warming  Plot 
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Figure  14:  Biodegradation  Rates  -  Control  Plot 
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Heat  T: 


As  shown  by  the  previous  figures  and  the  data  in  Appendix  D,  the  results  were  mixed. 
Rates  at  the  warm  water  and  heat  tape  plots  were  approximately  double  as  the  rates  at  the 
passive  warming  and  control  plots.  A  listing  of  the  in  situ  respiration  test  dates  is 
included  in  Appendix  F. 

At  the  warm  water  plot,  the  effect  of  turning  off  the  warm  water  circulation  is 
clearly  visible.  The  water  heating  and  circulation  ceased  a  few  days  before  ISRT  #16 
(24-28  Jul  93)  when  a  subsequent  decrease  is  noted.  The  last  several  tests  illustrate  a  near 
zero  biodegradation  rate  indicating  either  the  contamination  was  cleaned  up  or  little 
microbial  activity  was  present.  Rates  at  the  shallow  depth  of  2  -  2.5  feet  were  typically 
less  than  that  at  the  lower  depths.  Furthermore,  Dr.  Sayles  stated  that  the  contamination 
concentration  was  lower  in  the  warm  water  plot  (Personal  Communication).  Therefore, 
one  would  expect  lower  respiration  rates  when  compared  to  a  more  contaminated  plot. 
Here,  this  was  not  the  case.  It  is  obvious  that  higher  soil  temperatures  in  the  warm  water 
plot  resulted  in  higher  microbial  respiration  rates  despite  the  possibility  of  lower 
contamination  concentration.  This  soil  warming  technique  demonstrated  good  results. 

At  the  passive  warming  plot,  biodegradation  rates  are  more  consistent  with  the 
seasonal  trend  in  soil  temperatures.  Biodegradation  rates,  like  soil  temperatures,  at  the 
shallow  depths  are  typically  lower  in  the  winter  and  higher  in  the  summer.  Since 
biodegradation  depends  on  the  level  of  contamination  which  is  likely  to  migrate 
downward,  it  is  not  surprising  that  the  highest  rates  do  not  occur  at  the  depth  of  2  -  2.5 
feet. 
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Biodegradation  rates  at  the  control  plot  were  mixed.  Initially,  they  were  greater 
than  the  passive  warming  rates.  After  ISRT  #6  (18-23  April  92),  rates  at  the  control  plot 
become  less.  This  may  indicate  the  lag  time  required  at  the  passive  warming  plot  for  the 
insulation  and  coverings  to  become  effective  Additionally,  the  rates  at  the  control  plot 
did  not  follow  the  trend  observed  at  the  passive  warming  plot  and  were  more  inconsistent. 

Finally,  the  heat  tape  plot  showed  the  highest  biodegradation  rates.  Although 
there  were  fewer  data  points  and  the  results  were  more  inconsistent,  it  appears  that  the 
heat  tape  had  the  greatest  effect.  In  the  winter  and  spring,  rates  decrease  to  near  zero  due 
to  the  plot’s  location  in  a  low-lying  area  and  the  resulting  water  saturation  from  snow 
melt. 

4.4  Predicting  Biodegradation  Using  the  van’t  Hoff-Arrhenius  Relationship 

The  paired  temperature-soil  gas  data  was  also  modeled  using  the  van’t  Hoff- 
Arrhenius  relationship  under  three  different  scenarios  each  at  three  depth  ranges;  5.25- 

7.5  ft,  4.25-4.5  ft,  and  2-2.5  ft.  To  effectively  use  this  relationship,  it  is  important  to  have 
data  covering  a  wide  temperature  range.  Unfortunately,  temperatures  at  the  passive 
warming  and  control  plots  did  not  change  significantly  during  the  year.  Additionally, 
data  should  cover  the  entire  temperature  range  instead  of  only  the  two  extremes,  winter 
and  summer.  The  data  analysis  scenarios  examined  were  as  follows: 

1)  Warm  water,  passive  warming,  and  control  plots  during  10  Nov  1991  -  12  Nov 
1 992.  This  first  year  of  data  should  show  remediation  of  the  most 
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contamination.  The  data  from  the  first  in  situ  respiration  test  was  excluded  to 
allow  additional  time  for  the  plots  to  warm  up  from  the  individual  techniques. 

2)  Data  from  all  plots  during  the  project  lifespan,  1  Oct  1991  -  9  Jul  1994.  At  the 
end  of  any  remediation  project,  respiration  rates  are  expected  to  be  lower 
despite  high  temperatures  since  most  of  the  contamination  is  already  cleaned 
up. 

3)  Data  from  all  plots  averaged  by  in  situ  respiration  test  and  within  depth  ranges. 
The  following  tables  summarize  the  results  using  the  van’t  Hoff-Arrhenius  relationship 

and  were  derived  from  linear  plots  developed  with  [1/°KJ  as  the  X-coordinate  and 

[ln(%02  consumed/hr)]  as  the  Y-coordinate  (see  Eq  (4)). 
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Table  8:  van’t  Hoff-Arrhenius  Results  -  Data  from  10  Nov  91  -  12  Nov  92 
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As  can  seen  by  the  previous  tables,  based  on  the  R  values  the  van’t  HofF-Arrhenius 
relationship  is  an  acceptable  predictor  of  the  biodegradation  rate  based  on  temperature  in 
some  instances.  At  the  passive  warming  plot,  the  relationship  in  all  scenarios  can  be 
assumed  to  accurately  model  what  occurred;  the  R  values  indicate  that  this  relationship 
can  be  used  to  predict  the  biodegradation  rate  at  any  temperature.  At  the  warm  water 
plot,  the  relationship  holds  best  at  the  two  lowest  depth  ranges  as  shown  by  Table  10. 
Furthermore,  the  activation  energies  and  frequency  factors  at  the  warm  water  plot  are 
significantly  higher  than  those  at  the  passive  warming  plot.  The  higher  moisture  content 
at  the  warm  water  plot  may  have  a  detrimental  effect  on  the  microbial  community  which 
may  require  additional  energy  to  overcome  the  water  injected.  Additionally,  activation 
energy  is  lowest  at  the  shallow  depth  for  both  the  passive  warming  and  warm  water  plots. 

For  the  control  and  heal  tape  plot,  the  van’t  Hoff-Arrhenius  relationship  was  a 
poor  predictor  as  indicated  by  their  lower  R^  values.  Ignoring  the  R^  values,  the  tables 
show  that  there  were  both  a  positive  and  negative  slope  values  at  the  heat  tape  and  control 
plots  in  two  scenarios  each;  a  positive  slope  is  another  indicator  that  the  van’t  Hoff- 
Arrhenius  relationship  can  not  be  applied.  The  relationship  models  the  increase  in 
biodegradation  with  increased  temperature  which  is  contradicted  by  a  positive  slope.  At 
the  2-2.5  ft  depth  for  the  control  plot  and  the  7-7.5  ft  depth  for  the  heat  tape  plot, 
activation  energies  are  negative  values  indicating  the  mineralization  of  the  JP-4 
contaminant  is  spontaneous  and  requires  no  initiation.  Conceptually,  this  contradicts  the 
van’t  Hoff-Arrhenius  model  applied  in  this  study.  In  view  of  these  results,  it  is  visible 
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that  any  Arrhenius  model  of  the  heat  tape  and  control  plots  would  be  questionable  or 


inaccurate. 

Additionally,  preserving  the  data  Avithin  depth  ranges,  distinct  and  separate,  is 
important  as  illustrated  by  the  tables.  Based  on  R  values,  the  lower  depths  were  better 
modeled  by  the  van’t  Hoff- Arrhenius  equation  which  may  indicate  increased  respiration 
rates  arising  from  the  presence  of  sufficient  contamination  for  microbial  activity.  These 
results  validate  an  earlier  statement  that  the  contamination  concentration  is  higher  at  the 
lower  depths  migrating  downward.  As  discussed  in  Chapter  II,  this  equation  relies  on  the 
assumptions  that  contaminant  concentration  and  amount  of  active  biomass  are  constant 
over  time.  Using  data  averaged  over  all  depths  would  ignore  the  expectation  that 
petroleum  products  migrate  down  through  the  soil  and  are  distributed  inconsistently  in 
the  vertical  direction. 

Described  as  scenario  #3  with  data  presented  in  Table  10,  the  following  van’t 
Hoff-Arrhenius  charts  were  developed  using  data  averaged  during  the  in  situ  respiration 
tests  for  only  the  warm  water  and  passive  warming  plots.  For  the  remainder  of  the  data 
analysis,  this  scenario  will  be  used  and  modeled  since  it  appears  to  best  illustrate  the 
biodegradation  and  temperature  relationship  at  the  two  plots. 
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Figure  20:  Arrhenius  Relationship  -  Passive  Warming  Plot  (4.25  -  4.5  ft) 
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As  seen  by  the  previous  figures,  biodegradation  increased  with  temperature.  Despite 
more  data  scatter,  the  warm  water  charts  show  a  steeper  slope  than  the  passive  warming 
charts  which  is  also  indicated  in  Tables  8-10.  The  steeper  slopes  result  from  higher 
respiration  rates  occurring  over  the  same  temperature  range  and  validate  the  contention  of 
higher  biodegradation  rates  at  the  warm  water  plot.  Temperature  data  from  the  warm 
water  plot  covered  a  wider  range  which  is  preferred  when  modeling  the  van’t  Hoff- 
Arrhenius  relationship. 

To  further  validate  the  results  of  the  Arrhenius  charts,  comparisons  were  made 

against  the  few  models  published  using  this  relationship.  In  his  Ph.D.  dissertation,  Ross 

Miller  published  Arrhenius  plots  from  his  bioventing  study  at  Tyndall  AFB,  Florida. 

Additionally,  Dr.  Gregory  Sayles  published  Arrhenius  plots  in  two  instances,  1 993  and 

1995.  The  next  few  figures  compare  an  average  Arrhenius  line  calculated  from  the  data 

used  in  this  thesis  effort  against  that  published  by  Miller  and  Sayles.  For  the  warm  water 

plot,  the  shallow  depth  data  was  excluded  in  calculations  and  is  not  graphed  due  to  its  low 
2 

R  value. 
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Figure  23:  Arrhenius  Relationship  -  Passive  Warming  Plot  by  Depth 


Figure  24:  Arrhenius  Relationship  -  Comparison  with  Miller  and  Sayles 


The  Arrhenius  line  charts  show  higher  biodegradation  rates  occurring  at  the  warm 
water  plot  which  is  illustrated  by  a  higher  intercept,  see  also  Table  10.  The  warm  water 
Arrhenius  lines  also  have  a  steeper  slope  indicating  a  higher  activation  energy.  The  lines 
calculated  and  plotted  in  Figures  22  and  23  were  averaged  individually  and  compared  in 
Figure  24  to  Arrhenius  plots  published  by  Miller  and  Sayles. 

The  results  achieved  by  Miller  and  Sayles  are  consistent  with  each  other; 
however,  there  is  disparity  between  their  results  and  the  data  developed  in  this  study. 

This  difference  could  arise  from  several  factors.  The  bioventing  study  by  Miller  was 
performed  in  Florida  at  a  site  with  soil  having  a  higher  sand  content.  Both  oxygen  and 
moisture  will  diffuse  more  easily  at  a  site  with  a  sandy  soil.  Injected  oxygen  will  reach 
deeper  into  the  site  and  be  distributed  more  consistently  through  a  site  with  a  higher 
porosity.  Water  will  also  move  through  the  soil  reaching  the  groundwater  table  and 
transfer  heat  quicker.  Furthermore,  soil  temperatures  in  Florida  are  higher. 

The  chemical  kinetics  and  microbial  population  within  soils  at  Alaska  and  Florida 
may  be  very  different.  In  the  Florida  climate,  microorganisms  do  not  face  freezing  soil 
temperatures.  They  are  not  required  to  acclimate  to  varying  seasonal  temperatures  as 
those  microbes  in  Alaska  do.  The  Alaskan  microorganisms  must  acclimate  to  summer 
temperatures  every  year;  this  annual  activity  alters  both  the  frequency  factor  and 
activation  energy  observed  at  Alaska.  Furthermore,  the  chemical  kinetics  at  Alaska  and 
Florida  may  be  more  complex  than  can  be  modeled  by  using  the  van’t  Hoff-Arrhenius 
relationship.  While  this  may  explain  the  dissimilarity  between  this  study’s  Arrhenius 
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plots  compared  to  Miller,  it  does  not  address  the  differences  with  those  plots  developed 
by  Sayles. 

The  soil  gas  data  used  in  this  study  was  screened  based  on  a  minimal  acceptable 
R  value.  As  shown  in  Table  7,  almost  half  of  the  soil  gas  data  from  the  in  situ 
respiration  tests  at  the  warm  water  and  heat  tape  plots  were  discarded  due  to  poor  line  fit 
and  high  data  scatter.  Furthermore,  soil  temperatures  were  paired  with  individual  oxygen 
consumption  rates  at  a  specific  depth  range,  probe  location,  and  point  in  time.  In  this 
study,  only  the  two  lowest  depths  of  the  warm  warming  plot  and  all  depths  at  the  passive 
warming  plot  could  be  modeled  by  the  van’t  Hoff-Arrhenius  relationship  based  again  on 
a  minimally  acceptable  value. 

On  the  hand,  the  data  set  used  by  Sayles  included  the  entire  site’s  soil  gas 
measurements  which  exhibited  a  negative  slope.  His  Arrhenius  models  used  a  soil 
temperature  averaged  over  all  depths  for  each  plot.  These  average  plot  temperatures  were 
matched  with  the  oxygen  consumption  rates.  His  data  set  included  soil  gas  and 
temperature  measurements  from  all  four  test  plots.  The  higher  rates  observed  in  the 
Sayles’  Arrhenius  lines  may  arise  from  the  inclusion  of  the  heat  tape  plot  data  which  had 
higher  biodegradation  rates  and  higher  soil  temperatures.  As  shown  by  this  study  in 
Table  10,  at  the  depth  of  7.0-7.5  ft  the  Arrhenius  line  had  a  positive  slope  and  a  negative 
activation  energy  in  the  two  scenarios  modeled  which  contradicts  the  implication  of  the 
van’t  Hoff-Arrhenius  relationship.  Additionally,  the  middle  depth,  4.0-4.5  ft,  has  the 
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highest  frequency  factor.  Including  this  data  would  shift  the  Arrhenius  lines  from  this 
study  upward. 

4.5  Remediation  Effectiveness  at  Eielson  AFB 

Follow-up  soil  gas  sampling  was  conducted  in  March,  May,  and  July  1994.  Table 
1 1  shows  the  final  soil  gas  sampling  performed  at  the  conclusion  of  the  project  (Battelle, 
Appendix  K6-K8). 


Table  11:  Distribution  of  Contaminants  in  Soil  Gas  Samples  in  July  1994 


Compound 

Concentration  (ppmv)  at  Location 

P2B 

P5B 

P6B 

B2B 

C4B 

HIB 

Total  C5  -Ci5 

3.31 

0.613 

0.696 

<0.005 

0.808 

1203 

Total  Cg 

3.59 

0.668 

0.724 

0.293 

0.863 

1270 

Benzene 

<0.005 

<0.005 

<0.005 

<0.005 

<0.005 

13.12 

2,4- 

Dimethylpentane 

<0.007 

<0.007 

<0.007 

<0.007 

0.012 

516 

i 

Ethylbenzene 

<0.004 

<0.004 

0.079 

<0.004 

<0.004 

0.746 

n-Heptane 

<0.005 

0.055 

<0.005 

<0.005 

<0.005 

25.1 

n-Hexane 

<0.005 

<0.005 

<0.005 

<0.005 

<0.005 

13.3 

2-Methylpentane 

<0.007 

<0.007 

1 

<0.007 

<0.007 

<0.007 

100 

n-Octane 

<0.004 

<0.004 

0.071 

<0.004 

<0.004 

<0.004 

Toluenes 

<0.003 

0.052 

<0.004 

<0.004 

<0.004 

<0.004 

p-Xylenes 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

0.059 

Description  of  Locations: 


P2B,  P5B,  and  P6B  Passive  wanning  plot  probes  all  at  a  depth  of  4.25  ft 

B2B  Background  probe  at  a  depth  of  4.25  ft 

C4B  Control  plot  probe  at  a  depth  of  4.25  ft 

HIB  Heat  Tape  plot  probe  at  a  depth  of  4.5  ft 
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Table  1 1  shows  a  significant  decrease  in  levels  of  TPH  and  BTEX  compounds  as 
compared  to  the  initial  soil  gas  samples  taken  which  are  reflected  in  Table  4.  Figures  25 
and  26  below  illustrate  the  magnitude  of  this  decrease  in  contaminant  levels  and  the 
effectiveness  of  this  remediation  effort  (Battelle,  114-115). 


1.0  3.0  5.0  6.0  7.0  8.0  9.0  10.0  11.0 

Depth  (ft) 

Figure  25:  Initial  and  Final  Average  TPH  Soil  Concentrations  by  Depth 

This  figure  indicates  a  significant  decrease  in  TPH  levels  at  the  shallow  and  middle 
depths  of  the  contaminated  site.  Residual  hydrocarbon  contamination  remains  at  the 
lower  depths  where  compounds  with  a  higher  density  and  less  biodegradability  are 
present.  Additionally,  the  soil  temperature  and  microbial  populations  at  these  depths  are 
much  lower  in  part  due  to  the  groundwater  temperature.  The  soil  warming  techniques 


107 


coupled  with  bioventing  were  very  successful  in  remediating  the  BTEX  compounds  as 
indicated  in  Figure  26. 


4.5-5.0  5.5-6.0  6.5-7.0  7.5-8.0  8.5-9.0  9.5-10.0  10.5-11.0 

Depth  (ft) 


Figure  26:  Initial  and  Final  Average  BTEX  Soil  Concentrations  by  Depth 

4.6  Estimated  Costs  and  Required  Remediation  Time 

The  following  cost  table  was  developed  by  Battelle  project  managers.  It  provides 
a  reference  on  the  costs  of  a  project  of  this  scope.  These  cost  tables  are  found  in  the 
Eielson  AFB  project  final  report  and  developed  assuming  the  remediation  of  a  5,000  yd^ 
contaminated  site. 
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Table  12:  Estimated  Remediation  Time  and  Costs/Yd^ 


Task 

Control 

Warm  Water 

Passive 

Heat  Tape 

Concentration  =  4,000  ppm 

Site  Visit/Planning 

5,000 

5,000 

5,000 

5,000 

Work  Plan  Preparation 

6,000 

6,000 

6,000 

6,000 

Pilot  Testing 

27,000 

27,000 

27,000 

27,000 

Regulatory  Approval 

3,000 

6,000 

3,000 

3,000 

Full-Scale  Construction 

Design 

7,500 

7,500 

7,500 

7,500 

Drilling/Sampling 

15,000 

15,000 

15,000 

Installation/Start  Up 

4,000 

26,000 

10,500 

13,000 

Monitoring 

30,550 

9,800 

24,150 

11,050 

Power 

13,160 

9,800 

9,660 

17,000 

Final  Soil  Sampling 

13,500 

13,500 

13,500 

13,500 

Present  Worth  Cost/  yd^ 

$23.37 

$25.65 

$23.24 

$24.03 

Remediation  Time  Required 

9.4  yrs 

2.8  yrs 

6.9  yrs 

nm^zsi 

^Requires  installation  and  development  of  one  water  well. 


The  soil  warming  techniques  used  at  Eielson  AFB  are  comparable  in  cost  to  one  another. 
However,  by  not  warming  a  site,  as  shown  by  the  control  plot,  remediation  may  take  .5  to 
3  times  longer.  The  simple  action  of  covering  and  insulating  a  site  can  reduce 
remediation  time  by  several  years. 

Comparatively,  soil  venting  techniques  are  inexpensive  with  costs  ranging  from 
$15  to  20/yd  .  If  off-gas  treatment  is  required,  these  costs  will  double.  Costs  for 
excavating  of  a  contaminated  site  will  range  from  $50  to  $300/yd^  depending  on  the 
transportation  requirements.  On-site  incineration  with  a  rotary  kiln  costs  between  $200 
and  $640/yd^  (Lyman  et  al.,  43,61,63). 
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Conclusions  and  Recommendations 

5.7  Conclusion  on  Efficacy  of  Soil  Warming  Techniques 

Numerous  soil  warming  techniques  were  discussed  in  this  study.  Three  warming 
methodologies  discussed  were  applied  at  the  JP-4  remediation  bioventing  site  at  Eielson 
AFB.  The  Eielson  AFB  project  was  the  first  of  its  kind  in  operating  a  year-round 
bioremediation  effort  in  a  cold  climate.  This  project  and  other  studies  have  demonstrated 
that  biodegradation  does  increase  with  temperature  and  that  a  minimal  temperature  exists 
for  microbial  activity  to  occur.  Additionally,  it  was  shown  that  bioremediation  can  be 
conducted  year-round  in  cold  climates  and  is  not  limited  to  a  few  months  in  the  summer. 

One  soil  warming  technique,  warm  water,  was  effective  in  increasing  soil 
temperatures  but  had  a  major  drawback.  The  warm  water  method  should  only  be  used 
when  moisture  levels  are  low  and  the  addition  of  water  will  not  diminish  microbial 
activity  because  of  decreased  O2  availability,  or  when  water  will  diffuse  quickly  through 
a  site.  The  results  of  the  Eielson  project  illustrate  the  need  to  consider  a  site’s 
hydrogeology  and  its  ability  to  handle  increased  water  saturation.  The  most  inexpensive 
and  simplest  warming  technique  are  the  passive  methodologies.  An  inexpensive  off-the- 
shelf  plastic  or  fabric  cover  can  increase  soil  temperatures  in  addition  to  preventing 
excess  water  from  accumulating  at  the  site;  this  was  also  effectively  demonstrated  at 
Eielson  AFB.  Not  only  will  covering  a  site  reduce  the  convective  heat  loss  due  to  a  cold 
wind,  it  also  increases  heat  retention  in  the  soil  and  dampens  the  diurnal  temperature 
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fluctuation.  This  maintains  a  more  consistent  temperature  for  microbial  activity  to  occur. 
Compared  to  the  control  plot,  covering  the  soil  increased  average  soil  temperatures 
between  0.5  to  5.0  °C  (see  Table  6).  Additionally,  biodegradation  rates  were  consistently 
higher  at  the  passive  warming  plot,  espeeially  in  comparison  with  the  shallow  and  middle 
depths. 

The  other  soil  warming  technique  employed  by  the  Eielson  AFB  project  managers 
was  heat  tape.  Heat  tape  was  the  most  effective  in  maintaining  higher  soil  temperatures 
and  overcame  high  moisture  levels.  Biodegradation  rates  at  this  plot  were  3  to  4  times 
higher  than  the  passive  warming  and  control  plots  and  slightly  higher  than  the  warm 
water  plot.  Although  it  was  comparable  in  cost  per  cubic  yard  to  the  other  warming 
technique,  it  could  be  very  expensive,  depending  on  electricity  costs.  The  digging, 
installation  and  equipment  required  for  operation  of  electric  heat  tape  could  also  be  cost- 
prohibitive. 

5.1.1  Effectiveness  in  Remediating  JP-4  at  Eielson  AFB 

The  Eielson  project  managers  reported  positive  results.  Over  the  course  of  the 
project,  they  conclude  that  average  respiration  rates  at  the  warm  water,  passive  warming, 
control,  and  heat  tape  plots  were  3. 1 , 1 .3,  0.86,  and  2.9  mg-hexane/kg-soil/day.  These 
rates  correspond  to  estimated  hydrocarbon  removal  rates  of  3400, 1400,  940,  and  2100 
mg/kg  in  the  warm  water,  passive  warming,  control,  and  heat  tape  plots  respectively. 
Given  an  average  biodegradation  rate  of  2.5  mg/kg/day  over  the  entire  site,  these  values 
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correspond  to  the  bioremediation  of  approximately  9800  gallons  of  jet  fuel  (Battelle, 


122).  A  breakdown  of  the  estimated  remediation  time  required  by  each  technique  is 
shown  in  Table  12.  Time  to  remediate  the  control  plot  is  3  to  4  times  longer  than  the 
warm  water  and  heat  tape  methodologies.  The  trade-off  between  costs  and  remediation 
time  is  a  project-specific  issue  depending  upon  many  factors  to  include  the  contaminant’s 
proximity  and  migratory  risk  to  receptors.  Nevertheless,  the  cost/yd  for  temperature- 
enhanced  bioventing  projects  is  significantly  lower  than  conventional  excavation  and  off¬ 
site  treatment. 

5.2  Conclusions  on  Modeling  Biodegradation 

Several  equations  have  been  developed  that  estimate  biodegradation  rates  based 
on  the  results  of  numerous  projects.  The  equation  published  in  the  Bioventing  Test  Plan 
and  Technical  Protocol  proves  to  be  a  simple  and  acceptable  biodegradation  calculation 
requiring  little  data.  This  equation  and  that  published  by  Hinchee  and  Ong  depend  on 
many  assumptions  which  may  not  account  for  all  variables  or  model  the  complexities  at  a 
site.  There  are  still  some  unanswered  questions.  For  example,  what  is  the  effect  of  high 
soil  moisture  levels  on  microbial  respiration?  Concerning  the  predictive  van’t  Hoff- 
Arrhenius  equation,  do  higher  soil  moisture,  annual  freezing,  and  the  trenches  installed  at 
two  plots  alter  the  activation  energy  and  frequency  factor  that  would  normally  be 
observed?  Given  that  trench  digging  and  backfilling  altered  the  kinetics  and 
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contamination  distribution  at  those  locations,  did  it  also  affect  the  contaminant  flow  and 


direction? 

Modeling  the  temperature-biodegradation  relationship  by  the  van’t  Hoff- 
Arrhenius  equation  was  valid  for  only  the  warm  water  and  passive  warming  plots.  This 
study  demonstrated  that  using  data  averaged  over  the  entire  site  and  including  all  test 
plots  may  portray  an  acceptable  result;  however,  the  results  can  be  very  different  when 
data  from  individual  plots  is  examined  separately.  For  example,  the  plots  developed  by 
Dr.  Sayles  convey  that  the  application  of  the  van’t  Hoff-Arrhenius  equation  is 
scientifically  valid  unless  you  break  down  and  examine  the  individual  data  applicable  to 
each  experimental  test  plot.  Additionally,  biodegradation  rates  varied  according  to  depth 
since  contamination  was  not  homogeneously  distributed  vertically.  Comparisons  made 
with  published  research  using  the  van’t  Hoff-Arrhenius  relationship  showed  some 
variation  and  illustrated  the  need  for  continued  study. 

5.3  Recommendations  for  Future  Research 

A  better  understanding  and  modeling  of  chemical  kinetics  of  biodegradation  as  a 
fimction  of  temperature  should  be  addressed.  The  van’t  Hoff-Arrhenius  equation  may  be 
too  simple  to  accurately  model  what  is  occurring,  especially  in  a  cold  environment. 
Studies  that  measure  the  amount  of  active  biomass  and  contaminant  concentration  would 
be  worthwhile  in  determining  how  these  factors  are  accounted  for  in  the  frequency  factor 
term.  This  research  should  include  how  the  van’t  Hoff-Arrhenius  relationship  changes  as 
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the  contaminant  concentration  and  microbial  respiration  decrease.  Additionally,  for  cold 
climate  applications  how  does  the  amount  of  active  microbial  biomass  change  on  an 
annual  basis  taking  into  consideration  freezing  temperatures  and  increased  soil  moisture. 
Freezing  temperatures  significantly  reduce  microbial  activity  and  a  better  understanding 
of  this  relationship  imder  field  conditions  is  warranted. 

Following  the  conclusion  of  the  jet  fuel  bioremediation  project  at  Flill  AFB,  Utah, 
which  used  solar  warming  techniques,  the  data  should  be  analyzed  and  compared  to  the 
results  obtained  here.  Additionally,  comparisons  may  be  made  with  other  bioventing 
applications  performed  in  Alaska  and  the  colder  regions  of  Canada  where  soil 
temperature  data  is  available.  Another  question  for  cold  climate  applications  is  the 
determination  of  a  ‘window  of  opportunity’  for  bioremediation  to  occur.  What  is  the 
remediation  effectiveness  of  heating  the  soil  year-round?  Does  remediation  occur  in  the 
winter  months  and  are  the  results  sufficient  to  justify  the  costs?  Can  this  ‘window  of 
opportunity’  be  widened  to  those  months  when  costs  are  justified  and  results  sufficient? 
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8.9 
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9.3 
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1.5 
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8.0 
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8.1 
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1.1 
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13.7 

0.6 

0.1 

-0.8 

0.1 

-0.7 

-1.6 

mmi 

11.5 

13.6 

14.4 

0.5 

0.1 

-0.9 

0.1 

-0.8 

-1.8 

3/1/92 

12.4 

14.4 

15.8 

1.0 

0.5 

-0.4 

0.3 

-0.4 

-1.5 

3/3/92 

12.7 

14.7 

16.2 

0.7 

0.3 

-0.6 

0.1 

-0.6 

-1.6 

3/5/92 

13.3 

15.2 

16.4 

0.7 

0.3 

o 

1 

0.2 

-0.6 

-1.7 

3/7/92 

13.7 

15.5 

16.3 

0.6 

0.2 

-0.3 

-0.1 

-0.8 

-1.9 

3/9/92 

13.9 

15.5 

16.2 

0.2 

-0.1 

-1.1 

-0.4 

-1.0 

-2.3 

3/11/92 

13.8 

15.5 

16.7 

0.2 

-0.1 

-1.0 

-0.3 

-1.0 

-2.1 

3/13/92 

14.0 

15.6 

17.3 

0.3 

-0.1 

-1.0 

-0.3 

-1.0 

-1.9 

3/15/92 

14.3 

16.2 

17.4 

0.4 

0.0 

00 

o 

1 

-0.2 

1 

p 

bo 

-1.6 

3/17/92 

14.6 

16.5 

17.2 

0.2 

-0.2 

-1.0 

O 

1 

-1.0 

-1.8 

3/19/92 

15.0 

16.8 

17.2 

0.4 

0.1 

-0.8 

-0.1 

-0.7 

-1.4 

3/21/92 

15.4 

17.1 

17.8 

0.1 

-0.2 

-1.0 

-0.4 

-0.9 

-1.6 

3/23/92 

15.7 

17.5 

18.3 

0.2 

-0.2 

-0.9 

-0.3 

1 

o 

© 

-1.5 

3/25/92 

16.0 

17.8 

18.5 

0.1 

-0.2 

-1.0 

-0.4 

-1.0 

-1.5 

3/27/92 

16.3 

17.9 

19.0 

0.2 

-0.2 

-0.9 

-0.4 

-0.9 

-1.4 

3/29/92 

16.5 

18.3 

19.2 

0.3 

-0.1 

1 

© 

© 

o 

t 

1 

p 

bo 

-1.2 

3/31/92 

16.8 

18.6 

19.5 

0.3 

-0.1 

-0.9 

-0.3 

-0.7 

-1.2 

4/2/92 

17.0 

18.6 

20.3 

4/4/92 

17.2 

18.9 

19.4 

0.1 

1 

O 

-1.0 

-0.4 

1 

o 

so 

-1.4 

4/6/92 

17.5 

19.1 

19.7 

0.3 

-0.1 

1 

p 

bo 

-0.3 

1 

o 

-1.2 

4/8/92 

17.7 

19.2 

19.6 

0.1 

-0.2 

1 

O 

so 

-0.4 

-0.9 

-1.3 

4/10/92 

17.6 

19.2 

19.4 

0.0 

-0.3 

-1.0 

-0.4 

1 

o 

-1.3 

4/12/92 

17.7 

19.2 

19.4 

0.2 

-0.1 

-0.8 

-0.2 

-0.7 

-1.1 

4/14/92 

17.9 

19.2 

19.0 

0.2 

-0.2 

-0.9 

-0.3 

-0.8 

-1.1 

4/16/92 

17.6 

18.8 

18.2 

-0.1 

-0.2 

-1.0 

-0.4 

-0.9 

-1.3 

4/18/92 

17.5 

18.5 

17.5 

0.1 

-0.3 

-1.0 

-0.5 

-0.9 

0.0 

4/20/92 

17.2 

17.7 

16.8 

0.2 

-0.2 

-0.8 

-0.5 

-1.2 

-1.2 

4/22/92 

16.7 

17.4 

17.6 

0.1 

-0.2 

-0.8 

-0.3 

-0.7 

-1.0 

4/24/92 

16.4 

17.4 

18.2 

0.0 

-0.2 

-0.6 

-0.4 

-0.8 

-1.2 

4/26/92 

16.3 

17.5 

17.5 

0.0 

-0.2 

-0.8 

-0.3 

-0.7 

-1.0 

4/28/92 

16.3 

17.6 

17.2 

0.0 

-O.I 

-0.7 

-0.3 

-0.7 

-0.9 

4/30/92 

16.7 

18.4 

16.5 

-0.1 

0.0 

-0.6 

t 

p 

-0.6 

-0.9 

5/2/92 

16.9 

18.0 

16.3 

-0.1 

-0.1 

-0.4 

-0.4 

-0.8 

-1.0 

5/4/92 

16.7 

17.8 

17.3 

0.0 

-0.2 

-0.2 

f 

o 

-0.8 

-1.0 

5/6/92 

16.4 

17.6 

17.9 

0.2 

0.3 

0.2 

-0.3 

-0.8 

-0.9 

5/8/92 

16.1 

17.4 

17.4 

0.0 

0.2 

1.2 

-0.4 

-0.8 

-1.0 

5/10/92 

15.9 

17.0 

17.6 

0.1 

0.5 

1.3 

-0.3 

-0.8 

-0.9 

5/12/92 

15.7 

16.7 

16.0 

0.1 

0.5 

1.6 

-0.3 

-0.7 

-0.9 

5/14/92 

14.7 

15.9 

15.5 

0.6 

0.8 

1.9 

-0.4 

-0.8 

-0.9 

5/16/92 

14.8 

15.7 

15.2 

0.7 

1.0 

2.9 

1 

o 

-0.9 

-0.9 

5/18/92 

14.4 

15.3 

14.9 

0.9 

1.5 

2.7 

-0.3 

-0.7 

-0.9 

5/20/92 

14.1 

15.0 

15.0 

1.2 

1.9 

3.0 

-0.3 

-0.7 

-0.9 

5/22/92 

13.9 

15.0 

15.2 

1.4 

2.3 

4.4 

-0.2 

-0.6 

-0.8 
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Date 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5'  7.5' 

5.25/ 

4.5'  2.5'  7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

5/24/92 

13.8 

15.0 

15.4 

1.7 

2.9 

6.8 

-0.2 

-0.7 

-0.8 

5/26/92 

13.6 

15.0 

15.7 

1.9 

3.7 

9.3 

-0.4 

-0.8 

-0.9 

snmi 

13.8 

15.4 

16.6 

2.5 

4.9 

11.4 

-0.3 

-0.7 

-0.8 

5/30/92 

14.0 

15.7 

16.6 

3.1 

6.0 

12.6 

-0.4 

-0.7 

-0.7 

6/1/92 

14.1 

16.0 

18.0 

3.8 

7.0 

13.7 

-0.2 

-0.5 

-0.5 

6/3/92 

14.5 

16.9 

19.5 

4.4 

7.6 

14.4 

1 

p 

-0.6 

0.0 

615192 

15.1 

17.7 

20.4 

5.0 

8.3 

14.5 

-0.2 

-0.4 

0.5 

6/7/92 

15.8 

18.7 

21.1 

5.6 

8.9 

15.0 

0.2 

0.2 

1.2 

6/9/92 

16.7 

20.0 

22.9 

6.3 

9.7 

15.6 

1.1 

0.9 

1.8 

6/11/92 

17.6 

21.1 

23.1 

6.3 

9.7 

16.4 

1.1 

0.8 

4.2 

6/13/92 

18.4 

21.7 

23.2 

6.8 

10.4 

17.8 

1.7 

1.3 

5.7 

6/15/92 

19.0 

22.2 

23.4 

7.6 

11.6 

19.3 

2.7 

2.2 

7.8 

6/17/92 

18.3 

22.0 

23.9 

8.2 

12.2 

18.8 

3.3 

2.7 

8.7 

6/19/92 

18.9 

22.3 

24.6 

8.7 

12.6 

17.6 

4.1 

4.2 

8.7 

6/21/92 

19.0 

22.4 

25.2 

9.1 

12.7 

18.2 

4.4 

5.0 

9.4 

6/23/92 

19.4 

23.9 

29.2 

6/25/92 

19.6 

21.9 

22.2 

6/27/92 

19.4 

21.2 

20.8 

6/29/92 

18.2 

18.5 

17.9 

7/1/92 

17.4 

18.3 

18.3 

9.8 

13.2 

20.0 

5.9 

8.2 

11.1 

7/3/92 

17.1 

18.1 

18.1 

10.3 

13.8 

20.3 

6.7 

9.2 

12.0 

115192 

16.8 

17.7 

17.8 

10.5 

14.3 

21.3 

6.9 

9.6 

12.5 

7/7/92 

16.6 

17.5 

17.6 

11.0 

16.1 

21.9 

7.4 

10.3 

13.2 

7/9/92 

16.4 

17.3 

17.3 

11.2 

15.0 

21.4 

7.5 

10.4 

13.0 

7/1 1/92 

16.2 

17.0 

17.0 

11.5 

15.2 

21.3 

7.8 

10.7 

13.1 

7/13/92 

15.7 

16.6 

16.9 

11.8 

15.4 

21.2 

8.2 

11.1 

13.5 

7/15/92 

15.9 

16.7 

17.0 

12.0 

16.7 

20.6 

8.6 

11.4 

13.7 

11X1192 

15.7 

16.6 

17.0 

12.1 

16.7 

20.3 

8.7 

11.4 

13.9 

7/19/92 

15.3 

16.3 

17.0 

12.1 

16.5 

20.2 

8.7 

11.5 

13.9 

7/21/92 

15.4 

16.5 

17.3 

12.4 

16.8 

20.5 

9.1 

11.8 

14.2 

7/23/92 

15.5 

16.7 

17.7 

12.6 

16.7 

20.5 

9.3 

11.9 

14.2 

7/25/92 

15.4 

16.7 

17.6 

12.7 

16.8 

20.7 

9.5 

12.0 

14.3 

7/27/92 

14.9 

16.2 

17.3 

12.8 

16.9 

20.7 

9.7 

12.1 

14.5 

7/29/92 

15.7 

17.1 

18.0 

13.0 

17.0 

20.4 

10.0 

12.4 

14.5 

7/31/92 

15.7 

17.2 

17.9 

13.1 

16.9 

20.2 

10.1 

12.4 

14.6 

8/2/92 

15.9 

17.2 

17.7 

13.2 

17.0 

20.2 

10.3 

12.6 

14.7 

8/4/92 

16.0 

17.2 

17.5 

13.3 

16.9 

19.9 

10.4 

12.7 

14.6 

8/6/92 

15.9 

17.1 

17.4 

13.3 

16.9 

19.6 

10.6 

12.7 

14.6 

8/8/92 

16.0 

17.0 

17.3 

13.5 

16.9 

19.6 

10.7 

12.9 

14.7 

8/10/92 

16.0 

17.0 

17.2 

13.6 

16.9 

18.8 

11.0 

13.0 

14.3 

8/12/92 

15.9 

16.8 

16.9 

13.4 

16.6 

18.5 

10.8 

12.7 

14.1 

8/14/92 

15.6 

16.6 

16.7 

13.3 

16.5 

18.2 

10.9 

12.7 

14.1 

8/16/92 

15.6 

16.4 

16.4 

13.3 

16.3 

18.0 

10.8 

12.5 

13.7 

8/18/92 

15.3 

16.2 

16.2 

13.1 

16.0 

17.3 

10.7 

12.1 

13.1 

8/20/92 

15.1 

15.9 

16.0 

13.1 

15.7 

16.6 

10.5 

11.7 

12.4 
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Date 

5.25/ 

7.0’ 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25’ 

2.0/ 

2.5' 

7.5' 

4.5' 

2.5' 

5.25/ 

7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

8/22/92 

15.0 

15.8 

15.9 

12.9 

15.3 

16.4 

10.4 

11.4 

12.3 

mmi 

14.9 

15.7 

15.7 

12.8 

15.1 

16.5 

10.2 

11.3 

12.4 

mem 

14.8 

15.6 

15.7 

12.8 

15.0 

16.6 

10.1 

11.4 

12.4 

8/28/92 

14.7 

15.4 

15.5 

12.6 

14.9 

16.0 

10.1 

11.2 

12.0 

8/30/92 

14.6 

15.3 

15.3 

12.5 

14.7 

15.8 

10.1 

11.1 

11.8 

9/1/92 

14.4 

15.2 

15.0 

12.4 

14.4 

15.2 

9.7 

10.8 

11.5 

9/3/92 

14.3 

15.0 

14.8 

12.4 

14.2 

14.7 

9.6 

10.6 

11.0 

9/5/92 

14.1 

14.9 

14.6 

12.2 

13.8 

14.3 

9.5 

10.3 

10.6 

9/7/92 

14.0 

14.7 

14.4 

12.0 

13.5 

14.0 

9.3 

10.0 

10.3 

9/9/92 

13.6 

14.4 

14.0 

11.8 

13.3 

13.7 

9.1 

9.7 

10.0 

9/11/92 

13.4 

14.1 

13.7 

11.7 

13.1 

12.7 

9.0 

9.5 

9.2 

9/13/92 

13.3 

14.0 

13.2 

11.2 

12.5 

10.8 

8.6 

8.6 

7.9 

9/15/92 

12.8 

13.5 

12.3 

10.8 

11.7 

9.2 

8.2 

7.8 

6.8 

9/17/92 

12.7 

13.1 

12.2 

10.6 

11.1 

8.0 

7.7 

6.8 

5.8 

9/19/92 

12.4 

13.0 

12.2 

10.2 

10.0 

7.9 

7.2 

6.3 

5.1 

9/21/92 

12.3 

12.9 

12.6 

9.8 

9.5 

7.6 

6.8 

5.9 

4.7 

9/23/92 

13.6 

15.0 

15.5 

9.2 

8.9 

6.2 

6.1 

5.1 

4.0 

9/25/92 

14.0 

15.7 

16.2 

9.1 

8.8 

6.4 

6.3 

5.5 

4.0 

9/27/92 

15.1 

17.4 

18.2 

8.7 

8.4 

6.6 

5.9 

5.0 

3.5 

9/29/92 

16.2 

18.4 

17.8 

8.5 

8.1 

6.1 

5.7 

4.8 

3.3 

10/1/92 

16.1 

18.0 

17.0 

8.1 

7.7 

5.9 

5.6 

4.8 

3.6 

10/3/92 

16.5 

17.8 

16.8 

8.0 

7.6 

5.7 

7.8 

7.3 

5.2 

5.5 

4.6 

3.4 

10/5/92 

16.2 

14.8 

15.8 

7.7 

7.2 

5.1 

7.8 

6.9 

5.0 

5.4 

4.4 

3.2 

10/7/92 

15.9 

16.9 

15.8 

7,4 

6.9 

4.6 

7.5 

6.7 

4.8 

5.1 

4.1 

2.9 

10/9/92 

15.7 

16.7 

15,9 

7,0 

6.6 

5.0 

7.4 

6.4 

4.7 

5.0 

3.9 

2.7 

10/11/92 

15.7 

16.8 

16.5 

6,9 

6.5 

5.2 

7.2 

6.3 

4.7 

4.9 

3.8 

2.6 

10/13/92 

15.9 

17.3 

16.9 

6,8 

6.4 

5.1 

7.3 

6.3 

4.9 

4.7 

3.6 

2.5 

10/15/92 

16.2 

17.5 

17.0 

6,6 

6.2 

4.8 

7.2 

6.3 

5.3 

4.4 

3.4 

2.2 

10/17/92 

16.3 

17.6 

16.6 

6,5 

6.1 

4.9 

6.9 

6.2 

5.8 

4.4 

3.4 

2.1 

10/19/92 

16.4 

17.5 

16.5 

6,6 

6.1 

4.6 

6.9 

6.4 

6.5 

4.2 

3.2 

2.1 

10/21/92 

15.8 

16.9 

15.0 

6,2 

5.7 

4.0 

7.0 

6.7 

7.1 

4.1 

3.1 

2.0 

10/23/92 

15.9 

16.8 

15.1 

6,1 

5.5 

3.9 

6.8 

6.9 

7.5 

4.0 

3.0 

1.9 

10/25/92 

15.6 

16.8 

15.0 

6,0 

5.3 

3.7 

6.9 

7.2 

8.1 

3.8 

2.9 

1.7 

10/27/92 

16.2 

17.1 

15.6 

5.7 

5.1 

3.4 

7.2 

7.7 

8.7 

3.8 

2.8 

1.6 

10/29/92 

16.2 

17.0 

15.7 

5.6 

4.9 

3.5 

7.1 

7.8 

8.7 

3.8 

2.6 

1.3 

11/1/92 

16.1 

16.7 

14.6 

5.4 

4.8 

3.1 

7.1 

7.9 

8.9 

3.7 

2.5 

1.2 

1 1/3/92 

15.7 

16.0 

13.3 

5.2 

4.5 

2.5 

7.1 

8.0 

9.2 

3.6 

2.4 

1.1 

1 1/5/92 

15.4 

15.4 

12.6 

5.0 

4.2 

2.1 

6.9 

8.1 

9.4 

3.5 

2.3 

1.0 

11/7/92 

15.0 

14.7 

12.0 

4.9 

4.1 

1.9 

7.1 

8.4 

9.8 

3.2 

2.3 

0.9 

11/9/92 

14.5 

14.1 

11.9 

4.7 

3.8 

1.7 

7.2 

8.5 

10.1 

3.1 

2.2 

0.9 

11/11/92 

14.1 

14.0 

12.7 

4.5 

3.6 

1.7 

7.3 

8.7 

10.0 

3.1 

2.1 

0.8 

11/13/92 

13.8 

14.3 

13.5 

4.3 

3.5 

1.5 

7.3 

8.6 

9.8 

3.0 

2.0 

0.9 

11/15/92 

13.7 

14.6 

14.0 

4.2 

3.4 

1.4 

7.3 

8.7 

9.8 

2.9 

2.0 

0.8 

11/17/92 

13.9 

14.9 

14.5 

4.0 

3.2 

1.3 

7.4 

8.8 

9.9 

2.8 

1.9 

0.8 

11/19/92 

13.9 

15.1 

14.7 

3.9 

3.0 

1.3 

7.4 

8.8 

10.2 

2.7 

1.9 

0.7 
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Date 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

7.5' 

4.5' 

2.5' 

5.25/ 

7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

11/21/92 

14.1 

15.4 

15.0 

3.8 

3.0 

1.3 

7.4 

8.9 

10.4 

2.6 

1.8 

0.7 

1 1/23/92 

14.3 

15.6 

15.1 

3.7 

2.9 

1.3 

7.5 

9.0 

10.6 

2.6 

1.9 

0.7 

1 1/25/92 

14.4 

15.7 

14.6 

3.4 

2.7 

1.4 

7.5 

9.2 

10.8 

2.5 

1.7 

0.6 

11/27/92 

14.3 

15.4 

14.3 

3.5 

2.6 

1.3 

7.7 

9.2 

10.9 

1.7 

1.7 

0.6 

1 1/29/92 

14.3 

15.4 

14.3 

3.0 

2.5 

1.2 

7.6 

9.3 

11.1 

1.6 

1.6 

0.4 

12/1/92 

14.2 

15.3 

14.2 

3.2 

2.5 

1.4 

7.6 

9.5 

11.3 

1.6 

1.6 

0.4 

12/3/92 

14.0 

15.0 

13.9 

3.1 

2.4 

1.0 

7.7 

9.5 

11.4 

1.4 

1.4 

0.3 

12/5/92 

13.8 

14.7 

13.1 

3.1 

2.4 

1.2 

7.9 

9.7 

11.5 

1.5 

1.4 

0.3 

12/7/92 

13.4 

14.1 

12.8 

3.0 

2.3 

1.1 

7.9 

9.7 

11.5 

1.4 

1.3 

0.2 

12/9/92 

13.2 

13.8 

12.7 

2.9 

2.2 

1.0 

8.0 

9.9 

11.7 

1.4 

1.2 

0.1 

12/11/92 

13.0 

13.8 

12.9 

2.9 

2.2 

0.9 

7.8 

9.9 

11.7 

1.3 

1.2 

0.1 

12/13/92 

12.9 

13.8 

12.8 

2.5 

2.1 

0.9 

8.0 

10.1 

12.0 

1.2 

1.0 

-0.2 

12/15/92 

12.9 

13.8 

13.0 

2.7 

2.0 

0.8 

8.0 

10.1 

11.9 

1.3 

1.1 

-0.1 

12/17/92 

12.9 

14.0 

13.4 

2.5 

1.9 

0.8 

8.2 

10.2 

11.7 

1.2 

1.0 

-0.2 

12/19/92 

13.0 

14.1 

13.8 

2.5 

1.8 

0.8 

8.2 

10.3 

11.7 

1.2 

0.9 

-0.2 

12/21/92 

13.3 

14.5 

14.1 

2.4 

1.8 

0.7 

8.2 

10.1 

11.5 

1.2 

0.9 

-0.4 

12/23/92 

13.4 

14.6 

14.7 

2.5 

1.8 

0.7 

8.0 

10.1 

11.4 

1.2 

1.0 

-0.3 

12/25/92 

13.5 

15.2 

14.8 

2.4 

1.7 

0.6 

8.0 

10.2 

11.4 

1.1 

0.9 

1 

o 

12/27/92 

13.8 

15.4 

15.0 

2.4 

1.8 

0.5 

8.1 

10.1 

11.4 

1.1 

0.9 

-0.3 

12/29/92 

13.9 

15.5 

15.6 

2.2 

1.6 

0.3 

8.2 

10.2 

11.7 

0.9 

0.9 

1 

o 

12/31/92 

14.1 

15.9 

15.0 

2.1 

1.5 

0.1 

8.4 

10.2 

11.8 

0.9 

0.9 

-0.2 

1/2/93 

14.2 

15.8 

15.4 

2.1 

1.5 

0.0 

8.3 

10.2 

11.5 

0.9 

0.8 

1 

p 

1/4/93 

14.2 

15.8 

15.6 

2.1 

1.5 

-0.1 

8.3 

10.3 

11.4 

0.8 

0.8 

1 

p 

1/6/93 

14.6 

16.1 

15.5 

2.1 

1.5 

0.4 

8.4 

10.2 

11.5 

0.8 

0.7 

-0.4 

1/8/93 

14.8 

16.2 

15.7 

2.0 

1.4 

0.4 

8.3 

10.2 

11.6 

0.8 

0.7 

-0.4 

1/10/93 

15.2 

16.7 

16.5 

2.1 

1.5 

0.5 

8.4 

10.2 

11.7 

0.9 

0.8 

o 

1 

1/12/93 

15.3 

17.0 

16.5 

2.0 

1.4 

0.4 

8.4 

10.3 

12.0 

0.7 

0.8 

-0.3 

1/14/93 

15.7 

17.4 

17.1 

2.0 

1.4 

0.4 

8.4 

10.3 

12.0 

0.8 

0.8 

-0.3 

1/16/93 

16.0 

17.8 

17.3 

1.9 

1.3 

0.4 

8.4 

10.4 

12.2 

0.8 

0.7 

-0.4 

1/18/93 

16.3 

18.2 

18.0 

1.9 

1.4 

0.3 

8.4 

10.5 

12.3 

0.7 

0.6 

-0.4 

1/20/93 

16.8 

18.7 

18.1 

1.6 

1.1 

0.7 

8.4 

10.5 

12.4 

0.8 

0.6 

-0.4 

1/22/93 

17.2 

19.0 

17.9 

1.9 

1.4 

0.5 

8.6 

10.7 

12.4 

0.8 

0.7 

-0.5 

1/24/93 

17.6 

19.0 

17.6 

1.8 

1.3 

0.4 

8.6 

10.7 

12.5 

0.9 

0.6 

-0.6 

1/26/93 

17.2 

18.7 

17.1 

1.7 

1.2 

0.3 

8.5 

10.8 

12.5 

0.7 

0.4 

1 

p 

1/28/93 

17.1 

18.4 

16.2 

1.6 

1.0 

0.2 

8.4 

10.8 

12.5 

0.5 

0.3 

-1.0 

1/30/93 

16.6 

17.6 

15.2 

1.7 

1.1 

0.2 

8.3 

10.9 

12.2 

0.6 

0.3 

-1.0 

2/1/93 

16.2 

16.9 

14.3 

1.6 

1.1 

0.2 

8.4 

10.8 

11.7 

0.7 

0.4 

-0.9 

2/3/93 

15.7 

16.3 

13.4 

1.5 

1.0 

0.2 

8.3 

10.7 

11.2 

0.6 

0.3 

-1.1 

2/5/93 

14.8 

15.0 

11.7 

1.4 

0.9 

0.1 

8.3 

10.5 

10.6 

0.4 

0.3 

-1.2 

2/7/93 

14.3 

14.1 

11.4 

1.4 

0.9 

0.1 

8.3 

10.3 

10.4 

0.4 

0.2 

-1.2 

2/9/93 

14.0 

14.0 

12.1 

1.4 

0.9 

0.1 

8.2 

10.2 

10.5 

0.4 

0.2 

-1.3 

2/1 1/93 

14.0 

14.1 

12.5 

1.4 

0.8 

0.3 

8.4 

10.3 

10.6 

0.3 

0.2 

-1.3 

2/13/93 

13.9 

14.3 

13.1 

1.3 

0.8 

0.0 

8.1 

10.0 

10.2 

0.2 

0.2 

-1.4 

2/15/93 

14.0 

14.6 

13.5 

1.3 

0.7 

0.0 

8.1 

10.0 

10.1 

0.2 

0.2 

-1.3 

2/17/93 

14.1 

14.8 

13.9 

1.2 

0.8 

0.1 

8.2 

10.0 

10.1 

0.2 

0.2 

-1.2 
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Date 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

7.5' 

4.5' 

2.5' 

5.25/ 

7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

2/19/93 

14.2 

15.1 

14.5 

1.2 

0.7 

0.0 

8.2 

9.9 

10.1 

0.2 

0.2 

-1.1 

2/21/93 

14.3 

15.7 

15.4 

1.2 

0.8 

0.0 

8.2 

9.9 

10.2 

0.3 

0.2 

-1.0 

2/23/93 

14.2 

15.6 

14.7 

1.2 

0.8 

0.0 

8.2 

9.8 

10.3 

0.2 

0.2 

-0.9 

2/25/93 

14.2 

15.2 

14.1 

1.2 

0.7 

0.0 

8.2 

9.9 

10.6 

0.2 

0.2 

-0.9 

2/27/93 

13.7 

14.6 

13.2 

1.2 

0.7 

0.0 

8.2 

10.0 

11.0 

0.2 

0.2 

-0.9 

3/1/93 

13.3 

14.0 

12.3 

1.1 

0.7 

0.0 

7.9 

10.1 

11.4 

0.2 

0.2 

-0.9 

3/3/93 

12.9 

13.4 

11.5 

1.1 

0.6 

0.0 

8.0 

10.2 

11.7 

0.2 

0.1 

-1.0 

3/5/93 

12.4 

12.8 

11.6 

1.1 

0.6 

-0.2 

8.2 

10.3 

12.0 

0.2 

0.0 

-1.1 

3/7/93 

12.3 

13.0 

12.0 

1.0 

0.6 

0.0 

8.1 

10.4 

12.2 

0.1 

0.0 

-1.1 

3/9/93 

12.4 

13.1 

12.4 

1.0 

0.6 

-0.1 

8.1 

10.6 

12.4 

0.1 

0.0 

-1.2 

3/1 1/93 

12.5 

13.4 

13.0 

1.1 

0.6 

-0.2 

7.9 

10.7 

12.5 

0.1 

0.0 

-1.2 

3/13/93 

12.7 

13.8 

13.5 

0.9 

0.5 

-0.2 

7.9 

10.7 

12.6 

0.1 

0.2 

-1.0 

3/15/93 

13.5 

14.5 

14.7 

1.1 

0.6 

0.0 

8.0 

10.8 

12.4 

0.2 

0.0 

-1.2 

3/17/93 

13.2 

14.8 

15.2 

0.9 

0.5 

-0.2 

7.9 

10.8 

12.4 

0.0 

0.0 

-1.3 

3/19/93 

13.7 

15.9 

16.7 

0.9 

0.5 

-0.2 

8.1 

10.8 

12.5 

0.1 

0.0 

-1.1 

3/21/93 

14.5 

17.0 

17.8 

0.9 

0.5 

-0.2 

8.2 

10.9 

12.6 

0.3 

0.0 

-1.0 

3/23/93 

14.6 

16.9 

16.8 

0.8 

0.5 

-0.2 

8.3 

11.0 

12.7 

0.0 

0.1 

-0.9 

3/25/93 

14.5 

16.4 

15.7 

0.9 

0.6 

-0.1 

8.3 

10.9 

12.7 

0.1 

0.1 

-0.8 

3/27/93 

14.0 

15.6 

14.4 

0.9 

0.5 

-0.3 

8.5 

11.0 

12.8 

-0.1 

0.1 

-0.9 

3/29/93 

13.4 

14.7 

13.2 

0.8 

0.4 

-0.2 

8.2 

11.0 

13.0 

0.0 

0.1 

-0.9 

3/31/93 

12.9 

14.0 

12.3 

0.8 

0.4 

-0.1 

8.5 

11.2 

13.2 

0.0 

-0.1 

-0.9 

4/2/93 

12.3 

13.0 

11.3 

0.6 

0.3 

-0.7 

8.4 

11.3 

13.3 

-0.2 

-0.2 

-0.9 

4/4/93 

10.8 

12.6 

10.7 

0.6 

0.2 

-0.7 

8.3 

11.1 

13.2 

-0.1 

-0.2 

-0.8 

4/6/93 

11.5 

11.9 

10.4 

0.6 

0.2 

0.2 

8.3 

11.2 

13.1 

-0.2 

-0.2 

-0.8 

4/8/93 

11.1 

11.6 

10.3 

0.6 

0.2 

0.2 

8.4 

11.3 

13.2 

-0.1 

-0.3 

-0.8 

4/10/93 

10.8 

11.1 

9.7 

0.5 

0.1 

-0.1 

8.4 

11.3 

13.0 

-0.2 

-0.9 

-0.9 

4/12/93 

10.4 

10.6 

9.2 

0.5 

0.1 

-0.2 

8.5 

11.4 

13.1 

-0.2 

-1.0 

-1.1 

4/14/93 

10.0 

10.1 

8.8 

0.4 

0.1 

-0.3 

8.6 

11.5 

12.9 

0.1 

-0.7 

-0.9 

4/16/93 

9.6 

9.6 

8.5 

0.5 

0.2 

-0.2 

9.2 

11.5 

12.5 

-0.3 

-0.6 

-0.8 

4/18/93 

9.3 

9.3 

8.1 

0.4 

0.0 

-0.3 

9.3 

11.4 

12.3 

-0.3 

-0.4 

-0.7 

4/20/93 

9.3 

9.3 

8.3 

0.5 

0.3 

0.0 

9.3 

11.3 

12.2 

0.0 

-0.7 

-0.8 

4/22/93 

8.8 

8.8 

7.8 

0.3 

0.1 

-0.3 

9.3 

11.3 

12.3 

-0.4 

-0.3 

-0.6 

4/24/93 

8.6 

8.5 

7.7 

-0.2 

-0.3 

-1.1 

9.2 

11.3 

12.4 

-0.3 

-0.6 

-0.8 

4/26/93 

8.4 

8.5 

7.8 

0.0 

-0.3 

-2.0 

9.2 

11.2 

12.3 

-0.3 

-0.7 

-0.9 

4/28/93 

8.1 

8.2 

7.6 

-0.3 

-0.5 

0.2 

9.6 

11.5 

12.7 

-0.4 

-0.9 

-1.0 

4/30/93 

8.2 

8.3 

7.9 

-0.1 

-0.2 

0.4 

9.4 

11.3 

12.8 

-0.1 

-0.6 

-0.8 

5/2/93 

8.0 

8.3 

8.0 

-0.2 

-0.1 

0.9 

9.7 

11.5 

13.1 

-0.2 

-0.7 

-0.9 

5/4/93 

7.9 

8.2 

8.1 

0.7 

0.9 

2.3 

9.4 

11.5 

13.3 

-0.1 

-0.6 

-0.8 

5/6/93 

7.9 

8.2 

8.2 

0.9 

1.2 

2.9 

-0.2 

0.2 

-0.2 

5/8/93 

7.9 

8.4 

8.4 

1.1 

1.7 

3.9 

0.1 

0.4 

0.1 

5/10/93 

7.8 

8.4 

8.5 

0.9 

1.9 

5.6 

0.1 

0.4 

0.2 

5/12/93 

7.8 

8.4 

8.7 

-0.1 

1.5 

4.5 

0.0 

0.2 

0.2 

5/14/93 

7.3 

8.0 

8.4 

0.9 

2.0 

5.7 

-0.2 

-0.5 

-0.7 

5/16/93 

7.2 

8.0 

8.7 

1.1 

2.7 

7.0 

9.8 

12.6 

15.5 

-0.2 

-0.6 

-0.6 

5/18/93 

7.2 

8.1 

8.9 

1.8 

3.6 

8.8 

9.8 

12.7 

15.7 

0.2 

-0.1 

0.5 
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Date 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

7.5' 

4.5' 

2.5' 

5.25/ 

7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

5/20/93 

7.4 

8.4 

9.6 

2.4 

4.6 

10.0 

10.0 

12.8 

16.0 

0.5 

0.5 

1.5 

5/22/93 

7.6 

8.8 

10.0 

3.1 

5.5 

10.9 

0.8 

1.1 

2.3 

5/24/93 

7.3 

8.4 

9.7 

3.4 

5.9 

10.8 

9.8 

12.9 

16.3 

0.8 

1.1 

2.5 

5/26/93 

7.4 

8.5 

10.0 

3.9 

6.5 

11.5 

1.1 

1.5 

3.5 

5/28/93 

7.7 

8.9 

10.4 

4.3 

7.1 

11.9 

1.5 

1.9 

4.2 

5/30/93 

7.6 

8.8 

10.3 

4.7 

8.3 

13.7 

1.7 

1.9 

4.6 

6/1/93 

7.6 

8.8 

10.5 

4.4 

7.6 

13.1 

2.0 

4.7 

8.3 

6/3/93 

7.6 

9.0 

10.9 

5.6 

9.2 

15.4 

2.8 

4.6 

7.2 

6/5/93 

7.5 

9.0 

11.0 

5.8 

8.8 

14.9 

3.3 

6.3 

10.3 

6/7/93 

7.8 

9.4 

11.5 

6.4 

10.2 

16.0 

4.2 

6.9 

9.8 

6/9/93 

8.0 

9.6 

11.5 

6.1 

10.1 

15.2 

4.9 

7.8 

10.8 

6/1 1/93 

8.0 

9.7 

11.4 

6.9 

10.2 

14.8 

5.2 

7.8 

8.1 

6/13/93 

8.0 

9.7 

11.4 

7.5 

10.3 

14.7 

5.5 

8.0 

8.9 

6/15/93 

7.9 

9.5 

11.5 

7.6 

10.3 

15.4 

5.7 

8.2 

11.5 

6/17/93 

8.1 

9.8 

11.9 

7.7 

11.3 

16.8 

6.2 

9.0 

12.3 

6/19/93 

8.3 

10.1 

12.3 

8.5 

11.3 

16.2 

6.7 

9.4 

13.3 

6/21/93 

8.9 

11.5 

14.4 

8.8 

11.5 

15.8 

6.9 

9.7 

12.6 

6/23/93 

9.8 

12.9 

15.9 

8.6 

12.0 

16.5 

7.3 

10.0 

12.8 

6/25/93 

10.2 

13.9 

19.4 

8.3 

12.8 

17.5 

10.3 

14.0 

6/27/93 

11.3 

15.6 

21.4 

10.4 

14.1 

6/29/93 

12.6 

16.9 

20.5 

9.2 

12.6 

17.6 

7/1/93 

13.4 

18.1 

21.7 

9.3 

12.7 

18.0 

8.8 

10.9 

14.6 

7/3/93 

14.6 

19.4 

22.9 

10.1 

13.0 

18.5 

9.3 

11.2 

14.9 

7/5/93 

15.0 

19.5 

22.6 

10.6 

13.3 

18.7 

9.6 

11.8 

14.9 

7/7/93 

14.9 

19.1 

21.7 

10.1 

13.8 

19.0 

12.5 

16.8 

21.1 

9.9 

12.2 

14.8 

7/9/93 

15.1 

19.0 

21.0 

11.5 

14.0 

17.9 

10.4 

11.7 

15.4 

7/11/93 

14.7 

18.3 

20.3 

10.6 

14.3 

18.7 

10.6 

12.3 

14.7 

7/13/93 

14.0 

17.3 

19.5 

10.6 

14.2 

18.9 

13.1 

17.3 

21.7 

10.2 

11.9 

15.5 

7/15/93 

13.8 

17.0 

19.3 

10.8 

14.3 

19.4 

10.3 

12.3 

15.7 

7/17/93 

13.7 

16.9 

19.4 

10.9 

14.7 

19.9 

13.3 

17.7 

22.1 

10.7 

12.8 

15.9 

7/19/93 

13.6 

16.6 

19.1 

11.3 

14.9 

20.0 

13.5 

17.9 

22.3 

11.0 

12.9 

15.7 

7/21/93 

13.4 

16.4 

18.6 

11.2 

14.8 

19.9 

13.6 

18.0 

22.3 

11.1 

13.0 

16.0 

7/23/93 

13.3 

16.1 

18.5 

11.4 

15.0 

20.2 

13.5 

17.9 

22.3 

11.5 

12.9 

16.0 

7/25/93 

13.4 

16.1 

18.1 

11.5 

15.2 

20.3 

13.5 

17.9 

22.3 

11.3 

13.1 

16.4 

7/27/93 

13.2 

15.9 

18.1 

13.0 

15.6 

20.1 

13.5 

17.8 

22.0 

11.4 

13.1 

16.4 

7/29/93 

12.4 

15.8 

18.0 

13.0 

15.7 

20.3 

13.7 

17.9 

22.3 

11.5 

14.3 

16.6 

7/31/93 

12.9 

15.4 

17.8 

14.1 

15.7 

20.0 

13.5 

17.8 

22.2 

11.6 

14.4 

16.5 

8/2/93 

12.8 

15.4 

17.6 

13.2 

15.6 

19.8 

11.6 

14.2 

16.2 

8/4/93 

12.7 

15.1 

17.2 

12.3 

15.9 

20.2 

11.8 

14.3 

16.1 

8/6/93 

12.4 

14.9 

16.5 

18.3 

13.2 

15.4 

11.6 

13.8 

16.7 

8/8/93 

12.4 

14.6 

15.7 

17.8 

13.4 

15.3 

11.6 

13.7 

14.8 

8/10/93 

12.1 

14.1 

15.1 

17.7 

13.3 

15.0 

13.9 

18.3 

22.7 

11.4 

13.3 

14.3 

8/12/93 

12.1 

14.0 

15.0 

14.7 

14.9 

17.4 

11.3 

13.1 

14.3 

8/14/93 

12.0 

13.8 

14.8 

17.5 

13.1 

14.8 

11.2 

13.4 

15.6 

8/16/93 

12.0 

13.6 

14.5 

17.5 

13.0 

14.7 

12.0 

12.9 

13.9 
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Date 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25’ 

2.0/ 

2.5' 

7.5’ 

4.5' 

2.5' 

5.25/ 

7;5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

8/18/93 

11.8 

13.3 

14.1 

17.3 

13.0 

14.6 

14.0 

18.5 

22.9 

10.1 

12.6 

13.6 

8/20/93 

11.7 

13.1 

13.6 

14.3 

14.7 

17.0 

10.1 

12.4 

13.2 

8/22/93 

11.5 

12.9 

13.5 

14.5 

14.4 

16.1 

10.7 

12.8 

14.8 

8/24/93 

11.3 

12.7 

13.5 

14.3 

14.3 

15.8 

10.3 

12.5 

14.4 

8/26/93 

11.1 

12.5 

12.2 

13.5 

14.1 

15.0 

14.2 

18.5 

22.9 

10.6 

12.1 

12.8 

8/28/93 

10.9 

11.9 

11.8 

13.4 

13.5 

14.8 

14.4 

18.4 

21.9 

11.3 

11.5 

12.2 

8/30/93 

10.7 

11.7 

11.6 

13.1 

13.5 

14.8 

14.4 

18.4 

21.9 

11.7 

11.2 

11.9 

9/1/93 

10.5 

11.5 

11.8 

11.6 

13.9 

14.7 

14.5 

18.2 

21.3 

10.9 

11.1 

12.2 

9/3/93 

10.1 

11.1 

11.7 

14.1 

13.6 

14.5 

18.4 

22.3 

10.4 

11.2 

12.4 

9/5/93 

10.0 

11.0 

11.7 

13.6 

14.6 

18.1 

21.1 

9.8 

10.9 

11.9 

9/7/93 

10.0 

11.1 

11.5 

13.5 

14.9 

18.4 

21.2 

9.7 

11.1 

12.0 

9/9/93 

9.9 

11.0 

11.6 

11.1 

13.3 

15.1 

14.8 

18.2 

21.1 

9.6 

11.2 

12.8 

9/1 1/93 

10.0 

11.1 

11.4 

11.4 

12.8 

14.0 

14.6 

18.6 

21.5 

9.9 

11.1 

13.0 

9/13/93 

9.9 

10.9 

10.9 

11.2 

12.6 

13.5 

15.1 

18.5 

21.3 

9.8 

11.0 

12.6 

9/15/93 

9.7 

10.4 

10.0 

11.2 

12.3 

13.1 

15.2 

18.4 

21.2 

9.8 

10.9 

12.3 

9/17/93 

9.6 

10.4 

10.2 

11.0 

12.1 

12.9 

15.3 

18.5 

21.3 

9.8 

10.7 

11.8 

9/19/93 

9.5 

10.3 

10.3 

10.9 

11.9 

12.1 

15.2 

18.5 

20.8 

9.7 

10.6 

11.3 

9/21/93 

9.3 

10.0 

8.6 

10.7 

11.4 

11.0 

15.3 

18.4 

20.3 

9.6 

10.1 

10.3 

9/23/93 

9.1 

9.3 

7.5 

10.5 

10.5 

10.0 

15.2 

18.2 

20.5 

9.2 

9.3 

9.6 

9/25/93 

8.8 

8.7 

6.9 

10.2 

10.2 

9.6 

15.3 

18.1 

19.9 

9.1 

9.2 

9.1 

9/27/93 

8.5 

8.2 

5.7 

10.0 

9.7 

8.9 

15.2 

18.0 

19.6 

8.9 

8.8 

9.0 

9/29/93 

8.2 

7.9 

4.9 

9.8 

9.5 

8.2 

15.1 

17.7 

19.4 

8.5 

8.2 

7.5 

10/1/93 

7.8 

7.1 

4.3 

9.5 

8.9 

7.8 

15.0 

17.6 

19.0 

8.3 

7.5 

6.3 

10/3/93 

7.5 

6.6 

3.8 

9.1 

8.5 

7.4 

14.9 

17.3 

18.9 

7.8 

6.8 

4.8 

10/5/93 

7.1 

6.1 

4.0 

8.9 

8.3 

7.4 

14.8 

17.2 

18.9 

7.4 

6.6 

6.6 

10/7/93 

6.8 

5.9 

3.6 

8.7 

7.9 

7.2 

14.6 

16.9 

18.7 

7.2 

6.0 

5.7 

10/9/93 

6.4 

5,4 

3.1 

8.5 

7.8 

7.1 

6.7 

6.0 

5.5 

10/11/93 

6.7 

5.5 

4.6 

8.2 

7.6 

7.2 

14.5 

16.8 

18.9 

6.4 

5.6 

6.7 

10/13/93 

5.9 

5.3 

3.7 

8.0 

7.2 

6.9 

14.5 

16.8 

18.8 

6.1 

5.5 

4.8 

10/15/93 

5.8 

5.0 

3.5 

7.8 

7.2 

6.7 

14,4 

16.7 

18.7 

5.9 

5.3 

4.6 

10/17/93 

5.6 

4.5 

3.4 

7.7 

6.8 

6.5 

14.3 

16.6 

18.6 

5.8 

5.2 

4.3 

10/19/93 

5.5 

5.0 

2.7 

7.6 

6.8 

6.4 

14.3 

16.6 

18.5 

5.6 

4.8 

5.9 

10/21/93 

5.4 

4.6 

2.3 

7.5 

6.8 

5.9 

14.3 

16.5 

18.3 

5.4 

4.7 

6.0 

10/23/93 

5.2 

4.2 

2.0 

7.3 

6.3 

5.4 

14.1 

16.3 

17.9 

5.1 

4.4 

6.1 

10/25/93 

4.9 

4.0 

1.6 

7.1 

6.1 

4.8 

14.0 

16.1 

17.6 

4.8 

4.1 

5.8 

10/27/93 

4.8 

3.7 

1.4 

6.9 

5.8 

4.5 

14.0 

16.0 

17.4 

4.6 

3.8 

5.1 

10/29/93 

4.5 

3.0 

1.2 

6.7 

5.4 

4.3 

13.9 

15.9 

17.2 

4.4 

3.6 

5.6 

10/31/93 

4.4 

3.0 

1.1 

6.5 

5.4 

4.1 

13.8 

15.7 

17.2 

4.3 

3.4 

4.9 

11/2/93 

4.2 

3.1 

1.0 

6.3 

5.0 

4.0 

13.7 

15.6 

17.2 

4.0 

3.4 

4.8 

1 1/4/93 

4.0 

3.0 

0.9 

6.1 

4.8 

3.8 

13.6 

15.6 

17.2 

3.9 

3.2 

4.0 

1 1/6/93 

3.9 

2.7 

0.8 

6.0 

4.7 

3.5 

13.5 

15.5 

17.0 

3.7 

3.0 

4.1 

11/8/93 

3.7 

2.7 

0.7 

5.8 

4.5 

3.3 

13.4 

15.4 

16.9 

3.5 

2.9 

4.0 

11/10/93 

3.5 

2.3 

0.6 

5.6 

4.3 

3.1 

13.3 

15.2 

16.8 

3.5 

2.8 

4.5 

1 1/12/93 

3.4 

1.7 

•0.5 

5.5 

4.1 

3.1 

13.2 

15.1 

16.7 

3.4 

2.6 

4.0 

11/14/93 

3.3 

1.8 

0.5 

5.3 

4.1 

3.1 

13.2 

15.1 

16.6 

3.2 

2.5 

4.5 

131 
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Date 

5.25/ 

7.0' 

4.0/ 

4.25’ 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25’ 

2.0/ 

2.5' 

7.5' 

4.5' 

2.5' 

5.25/ 

7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

11/16/93 

3.3 

2.0 

0.5 

5.2 

4.1 

3.1 

13.1 

15.0 

16.6 

3.1 

2.4 

5.1 

11/18/93 

3.2 

2.3 

0.5 

5.3 

4.0 

3.1 

13.1 

15.2 

16.7 

3.1 

2.2 

4.9 

1 1/20/93 

3.2 

2.3 

0.4 

5.1 

3.8 

2.8 

13.1 

15.2 

16.4 

2.9 

2.2 

4.4 

1 1/22/93 

2.8 

1.8 

0.0 

4.8 

3.7 

2.4 

12.8 

14.7 

15.7 

2.7 

2.1 

4.2 

11/24/93 

2.7 

1.1 

-0.1 

4.7 

3.5 

2.2 

12.8 

14.6 

15.5 

2.6 

2.0 

4.6 

1 1/26/93 

2.8 

1.5 

0.0 

4.6 

3.3 

2.2 

12.9 

14.5 

15.6 

2.6 

1.8 

3.8 

1 1/28/93 

2.6 

0.8 

-0.1 

4.6 

3.2 

2.0 

12.7 

14.4 

15.5 

2.5 

1.7 

3.9 

1 1/30/93 

2.7 

2.1- 

-0.1 

4.4 

3.2 

1.9 

12.8 

14.5 

15.6 

2.5 

1.7 

4.0 

12/2/93 

2.4 

1.0 

1 

O 

u> 

4.2 

3.0 

1.7 

12.5 

14.2 

15.3 

2.3 

1.6 

3.5 

12/4/93 

2.0 

0.8 

-0.3 

4.1 

2.8 

1.7 

12.5 

14.2 

15.3 

2.2 

1.6 

3.6 

12/6/93 

1.9 

0.3 

-0.4 

4.0 

2.7 

1.5 

12.3 

14.1 

15.2 

2.0 

1.3 

3.8 

12/8/93 

1.8 

0.1 

-0.3 

3.9 

2.7 

1.5 

12.3 

14.0 

15.3 

2.1 

1.4 

3.3 

12/10/93 

1.8 

1.4 

-0.3 

3.8 

2.5 

1.5 

12.4 

14.0 

15.3 

2.0 

1.3 

3.2 

12/12/93 

1.7 

0.9 

-0.4 

3.7 

2.5 

1.4 

12.2 

13.9 

15.2 

1.9 

1.3 

3.3 

12/14/93 

1.7 

0.9 

-0.4 

3.6 

2.5 

1.3 

12.2 

13.9 

15.1 

1.9 

1.2 

3.2 

12/16/93 

1.7 

1.5 

-0.4 

3.5 

2.3 

1.3 

12.1 

13.9 

15.0 

1.8 

1.2 

2.7 

12/18/93 

1.5 

1.2 

-0.5 

3.4 

2.3 

1.1 

11.9 

13.8 

14.8 

1.7 

1.0 

3.0 

12/20/93 

1.4 

0.6 

-0.5 

3.3 

2.1 

1.1 

11.9 

13.7 

14.8 

1.7 

0.9 

3.4 

12/22/93 

1.4 

0.6 

-0.7 

3.2 

2.1 

1.1 

11.9 

13.7 

14.8 

1.5 

0.9 

3.6 

12/24/93 

1.3 

0.8 

-0.7 

3.1 

2.0 

0.9 

11.8 

13.6 

14.7 

1.4 

0.7 

3.4 

12/26/93 

1.3 

0.8 

1 

p 

3.1 

2.0 

0.9 

11.7 

13.5 

14.5 

1.3 

0.8 

2.6 

12/28/93 

1.2 

0.6 

-1.0 

2.9 

1.9 

0.9 

11.7 

13.3 

14.1 

1.3 

0.7 

1.6 

12/30/93 

1.0 

0.7 

-1.1 

2.9 

1.8 

0.8 

11.5 

13.2 

13.9 

1.1 

0.6 

3.1 

1/1/94 

1.0 

1.0 

-1.0 

2.8 

1.8 

0.7 

11.5 

13.0 

13.8 

1.1 

0.5 

3.5 

1/3/94 

1.1 

1.4 

-1.4 

2.9 

1.9 

0.9 

11.5 

13.0 

13.5 

1.1 

0.6 

3.9 

1/5/94 

1.2 

1.2 

-2.0 

2.9 

2.0 

0.8 

11.5 

13.0 

13.3 

1.1 

0.4 

4.4 

1/7/94 

0.9 

1.0 

-3.0 

2.8 

1.8 

0.7 

11.6 

12.9 

13.0 

0.9 

0.2 

3.3 

1/9/94 

0.9 

0.7 

-3.8 

2.8 

1.8 

0.6 

11.4 

12.7 

12.4 

0.8 

0.3 

2.4 

1/1 1/94 

0.7 

0.8 

-3.8 

2.6 

1.5 

0.4 

11.3 

12.5 

12.0 

0.6 

0.1 

1.1 

1/13/94 

0.6 

0.5 

-4.0 

2.5 

1.5 

0.3 

11.1 

12.2 

11.4 

0.4 

-0.3 

1.2 

1/15/94 

0.6 

0.3 

-4.4 

2.4 

1.4 

0.2 

11.1 

11.9 

11.3 

0.4 

-0.3 

0.1 

1/17/94 

0.6 

0.3 

-3.0 

2.3 

1.4 

0.2 

10.9 

11.7 

11.1 

0.4 

-0.3 

0.6 

1/19/94 

0.5 

-0.2 

-2.8 

2.3 

1.3 

0.2 

10.8 

11.6 

11.1 

0.4 

-0.4 

0.9 

1/21/94 

0.5 

0.2 

-2.6 

2.2 

1.2 

0.1 

10.5 

11.3 

11.3 

0.3 

-0.5 

1.2 

1/23/94 

0.3 

0.0 

-2.4 

2.2 

1.2 

0.1 

10.4 

11.3 

11.6 

0.3 

-0.4 

1.3 

1/25/94 

0.4 

0.1 

-2.5 

2.1 

1.1 

0.1 

10.2 

11.3 

11.9 

0.1 

-0.7 

1.9 

1/27/94 

0.3 

0.0 

-2.4 

2.1 

1.1 

0.1 

10.5 

11.4 

12.3 

0.1 

-0.5 

1.4 

1/29/94 

0.3 

0.5 

-2.5 

2.0 

1.1 

0.1 

10.3 

11.4 

12.3 

0.1 

-0.6 

1.3 

1/31/94 

0.2 

0.3 

-2.1 

2.0 

1.0 

0.1 

10.3 

11.4 

12.4 

0.1 

-0.5 

1.3 

2/2/94 

0.2 

0.7 

-2.2 

1.9 

1.0 

0.0 

10.2 

11.4 

12.5 

0.1 

-0.5 

1.3 

2/4/94 

0.2 

0.6 

-1.8 

1.9 

0.9 

0.0 

10.2 

11.5 

12.5 

0.0 

-0.7 

1.5 

2/6/94 

0.2 

0.3 

-2.2 

1.9 

0.9 

0.0 

10.3 

11.7 

12.8 

-0.1 

-0.6 

1.8 

2/8/94 

0.1 

-0.2 

-1.6 

1.8 

0.9 

0.0 

10.2 

11.6 

12.8 

-0.1 

-0.6 

1.1 

2/10/94 

0.2 

0.1 

-2.3 

1.8 

0.9 

0.0 

10.0 

11.6 

12.7 

0.0 

-0.8 

1.3 

2/12/94 

0.3 

-0.1 

-1.9 

1.9 

1.0 

0.0 

10.2 

11.7 

12.8 

-0.1 

-0.7 

1.8 
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5.25/  4.0/  2.0/  5.25/  4.0/ 


Date  7.0' 

4.25' 

2.5' 

7.0' 

4.25' 

2/14/94  0.2 

0.1 

-2.4 

1.8 

0.9 

2/16/94  0.2 

0.1 

-2.9 

1.8 

0.9 

2/18/94  0.0 

-0.1 

-3.4 

1.7 

0.8 

2/20/94  -0.1 

-0.2 

-3.7 

1.7 

0.8 

2/22/94  -0.1 

-0.4 

-3.9 

1.6 

0.7 

2/24/94  -0.1 

-0.3 

-4.1 

1.6 

0.8 

2/26/94  -0.2 

-0.5 

-4.3 

1.5 

0.6 

2/28/94  -0.3 

-0.8 

-4.2 

1.5 

0.6 

3/2/94  -0.2 

-0.6 

-3.8 

1.5 

0.7 

3/4/94  -0.3 

-0.5 

-3.5 

1.5 

0.6 

3/6/94  -0.3 

-0.4 

-3.6 

1.4 

0.5 

3/8/94  -0.4 

-0.1 

-3.8 

1.3 

0.5 

3/10/94  -0.4 

-0.1 

-3.5 

1.3 

0.5 

3/12/94  -0.4 

-0.2 

-3.3 

1.3 

0.5 

3/14/94  -0.4 

-0.6 

-3.0 

1.3 

0.5 

3/16/94  -0.4 

-0.5 

-2.9 

1.3 

0.5 

3/18/94  -0.5 

-0.5 

-3.3 

1.2 

0.5 

3/20/94  -0.5 

-0.7 

-3.1 

1.3 

0.5 

3/22/94  -0.5 

-1.1 

-3.8 

1.1 

0.4 

3/24/94  -0.5 

-1.5 

-3.2 

1.1 

0.4 

3/26/94  -0.6 

-1.3 

-2.7 

1.1 

0.3 

3/28/94  -0.5 

-3.1 

-2.4 

1.1 

0.3 

3/30/94  -0.5 

-2.1 

-2.1 

1.1 

0.3 

4/1/94  -0.7 

-1.7 

-1.7 

1.0 

0.3 

4/3/94  -0.7 

-1.5 

-1.5 

1.0 

0.3 

4/5/94  -0.7 

-1.0 

-1.3 

0.9 

0.1 

4/7/94  -0.7 

-0.8 

-1.4 

0.9 

0.1 

4/9/94  -0.6 

-0.8 

-1.3 

0.9 

0.0 

4/11/94  -0.6 

-0.8 

-1.2 

0.9 

0.1 

4/13/94  -0.7 

-0.7 

-1.5 

0.9 

0.1 

4/15/94  -0.6 

-0.8 

-1.9 

0.8 

0.0 

4/17/94  -0.7 

-1.2 

-2.2 

0.8 

-0.1 

4/19/94  -0.7 

-2.1 

-1.7 

1.0 

0.1 

4/21/94  -0.7 

-1.2 

-1.3 

1.1 

0.2 

4/23/94  -0.8 

-1.3 

-1.2 

1.2 

0.4 

4/25/94  -0.8 

-1.2 

-1.2 

0.8 

0.3 

4/27/94  -0.8 

-0.9 

-1.1 

0.9 

0.5 

4/29/94  -0.8 

-1.0 

-1.0 

0.9 

0.6 

5/1/94  -0.8 

-1.2 

-1.0 

1.0 

0.8 

5/3/94  -0.8 

-1.1 

-0.9 

1.1 

0.9 

5/5/94  -0.8 

-0.5 

-0.5 

1.3 

1.0 

5/7/94  -0.7 

-0.3 

-0.3 

1.5 

1.2 

5/9/94  -0.8 

-0.2 

-0.1 

1.6 

1.2 

5/1 1/94  -0.8 

0.6 

0.2 

1.8 

1.6 

5/13/94  -0.8 

-0.5 

0.8 

2.1 

2.4 

2.0/  5.25/  4.25/  2.0/ 


2.5' 

7.5' 

4.5' 

2.5' 

7.5' 

4.5' 

2.5' 

0.0 

10.3 

11.9 

13.0 

-0.1 

-0.7 

1.4 

-0.1 

10.3 

11.9 

12.6 

-0.2 

-0.9 

0.9 

-0.2 

10.3 

11.8 

12.3 

-0.2 

-1.2 

0.6 

-0.3 

9.8 

11.5 

11.9 

-0.3 

-1.3 

0.1 

-0.3 

10.0 

11.4 

11.5 

-0.3 

-1.4 

-0.1 

O 

1 

10.0 

11.2 

11.2 

-0.4 

-1.5 

-0.2 

-0.5 

10.0 

11.2 

10.8 

-0.5 

-1.6 

-0.5 

-0.5 

9.9 

10.9 

10.5 

-0.4 

-1.6 

-0.6 

-0.4 

9.8 

10.7 

10.3 

-0.4 

-1.3 

-0.2 

-0.4 

9.7 

10.6 

10.3 

-0.4 

-1.4 

0.1 

-0.5 

9.7 

10.5 

10.4 

-0.5 

-1.4 

-0.1 

-0.5 

9.4 

10.4 

10.4 

-0.5 

-1.4 

-0.2 

-0.5 

9.3 

10.3 

10.6 

-0.5 

-1.3 

-0.7 

-0.4 

9.3 

10.3 

10.9 

-0.5 

-1.2 

-0.7 

-0.4 

9.3 

10.3 

11.2 

-0.6 

-1.2 

-0.4 

-0.4 

9.3 

10.4 

11.4 

-0.6 

-1.3 

0.0 

-0.4 

9.3 

10.6 

11.6 

-0.6 

-1.3 

-0.2 

-0.5 

9.3 

10.7 

11.5 

-0.6 

-1.3 

-0.4 

-0.6 

9.3 

10.6 

11.4 

-0.7 

-1.4 

-1.2 

-0.5 

9.1 

10.4 

11.1 

-0.5 

-1.1 

-0.9 

-0.4 

8.6 

10.4 

11.3 

-0.6 

-1.2 

-0.3 

-0.4 

8.9 

10.5 

11.6 

-0.6 

-1.0 

-1.9 

-0.4 

8.9 

10.5 

11.9 

-0.5 

-1.0 

-1.5 

-0.4 

8.9 

10.5 

12.2 

-0.6 

-0.9 

-1.3 

-0.3 

9.0 

10.8 

12.3 

-0.6 

-1.1 

-1.2 

-0.3 

9.0 

11.1 

12.2 

-0.6 

-1.2 

-1.2 

-0.7 

9.3 

11.1 

11.9 

-0.7 

-1.1 

-1.1 

-0.7 

9.3 

11.1 

11.7 

-0.7 

-1.0 

-1.1 

-0.7 

9.4 

11.0 

11.6 

-0.7 

-1.0 

-1.1 

-0.7 

9.4 

11.0 

11.6 

-0.7 

-1.0 

-1.2 

-0.7 

9.4 

10.9 

11.7 

-0.8 

-1.2 

-1.5 

-0.7 

9.4 

11.0 

11.8 

-0.6 

-1.2 

-1.9 

-0.7 

9.3 

10.8 

11.8 

-0.6 

-1.1 

-1.5 

-0.7 

9.2 

10.8 

11.9 

-0.6 

-0.9 

-1.2 

-0.6 

9.3 

11.0 

12.1 

-0.4 

-0.6 

-0.9 

-0.6 

9.3 

11.0 

12.3 

-0.5 

-0.7 

-0.9 

-0.4 

9.2 

11.1 

12.8 

-0.5 

-0.6 

-0.7 

-0.2 

9.2 

11.1 

13.4 

-0.4 

-0.6 

-0.7 

0.0 

9.2 

11.4 

13.8 

-0.4 

-0.5 

-0.6 

0.0 

9.2 

11.5 

14.2 

-0.6 

-0.6 

-0.7 

0.6 

9.2 

11.7 

14.5 

-0.3 

-0.4 

-0.3 

1.1 

9.3 

11.9 

14.9 

-0.3 

-0.5 

-0.3 

2.3 

9.3 

12.1 

15.2 

-0.3 

-0.4 

-0.3 

3.7 

9.4 

12.2 

15.5 

0.0 

-0.6 

-0.4 

5.6 

9.4 

12.4 

15.9 

-0.2 

-0.6 

-0.3 
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Warm  Water  Passive  Warming  Heat  Tape  Control 


Date 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

5.25/ 

7.0' 

4.0/ 

4.25' 

2.0/ 

2.5' 

7.5' 

4.5' 

2.5' 

5.25/ 

7.5' 

4.25/ 

4.5' 

2.0/ 

2.5' 

5/15/94 

00 

o 

1 

-0.7 

1.2 

2.4 

3.2 

7.7 

9.5 

12.5 

16.1 

-0.2 

-0.3 

0.4 

5/17/94 

1 

p 

bo 

-0.9 

1.3 

2.8 

4.4 

8.9 

9.6 

12.8 

16.4 

-0.3 

-0.4 

0.6 

5/19/94 

-0.9 

-0.1 

1.7 

3.3 

5.2 

9.9 

9.6 

12.9 

16.7 

-0.3 

-0.5 

0.9 

5/21/94 

1 

P 

bo 

-1.4 

2.3 

3.8 

6.0 

11.0 

9.9 

13.2 

17.0 

-0.3 

-0.3 

1.3 

5/23/94 

-0.6 

1 

p 

2.4 

4.3 

6.8 

11.6 

9.9 

13.4 

17.4 

-0.3 

-0.3 

1.7 

5/25/94 

-0.6 

-0.6 

3.0 

4.7 

7.4 

12.2 

10.0 

13.6 

17.6 

1 

o 

-0.4 

2.0 

5/27/94 

-0.4 

1 

o 

3.3 

5.2 

7.9 

12.9 

10.1 

13.7 

17.7 

-0.2 

-0.2 

2.3 

5/29/94 

-0.1 

-1.3 

3.5 

5.5 

8.5 

13.3 

10.2 

13.9 

17.9 

-0.4 

-0.2 

2.5 

5/31/94 

0.0 

-1.9 

3.9 

5.9 

8.8 

13.5 

10.4 

14.1 

18.2 

-0.2 

-0.1 

2.9 

6/2/94 

0.2 

-1.1 

4.5 

6.3 

9.2 

14.0 

10.4 

14.1 

18.2 

-0.1 

0.2 

3.3 

6/4/94 

0.2 

1.0 

5.4 

6.5 

9.6 

14.7 

10.5 

14.2 

18.4 

-1.1 

-0.1 

3.5 

6/6/94 

0.7 

0.7 

5.5 

7.0 

10.3 

14.9 

10.6 

14.2 

18.6 

-0.3 

0.6 

4.2 

6/8/94 

0.9 

0.9 

6.3 

7.3 

10.5 

15.3 

10.6 

14.6 

18.8 

0.3 

1.1 

4.8 

6/10/94 

0.9 

1.0 

7.2 

7.4 

10.8 

16.2 

10.7 

14.8 

18.9 

0.6 

1.1 

5.4 

6/12/94 

1.4 

1.2 

8.0 

7.7 

11.2 

17.1 

10.9 

14.8 

19.1 

1.1 

1.4 

6.2 

6/14/94 

1.9 

1.6 

9.1 

8.0 

11.9 

18.1 

10.9 

14.8 

19.3 

1.3 

1.9 

6.9 

6/16/94 

2.5 

3.1 

8.7 

8.5 

12.6 

17.5 

11.1 

15.1 

19.7 

1.9 

2.8 

7.3 

6/18/94 

3.1 

4.1 

8.0 

8.9 

12.8 

16.1 

11.2 

15.1 

19.9 

2.7 

3.8 

7.4 

6/20/94 

3.4 

4.6 

8.5 

9.2 

12.6 

15.3 

11.4 

15.3 

19.9 

3.4 

4.5 

7.7 

6/22/94 

3.6 

5.1 

7.5 

9.4 

12.3 

15.4 

11.5 

15.6 

19.8 

3.8 

5.3 

8.5 

6/24/94 

4.0 

5.6 

8.2 

9.5 

12.5 

15.5 

11.5 

15.6 

19.7 

4.4 

5.8 

9.1 

6/26/94 

4.4 

6.1 

7.1 

9.7 

12.5 

15.5 

11.8 

15.8 

19.9 

4.9 

6.3 

9.3 

6/28/94 

4.5 

6.4 

4.6 

9.6 

12.4 

16.0 

11.8 

15.7 

19.8 

5.4 

7.1 

10.0 

6/30/94 

4.6 

6.8 

3.6 

9.6 

12.5 

17.2 

11.9 

15.7 

19.9 

5.8 

7.5 

10.6 

7/2/94 

5.2 

7.3 

8.2 

9.9 

13.2 

18.5 

11.9 

15.7 

20.0 

7.6 

7.6 

11.3 

7/4/94 

5.6 

7.8 

8.9 

10.2 

13.7 

18.4 

12.1 

15.9 

20.5 

6.8 

8.4 

11.8 

7/6/94 

5.9 

8.3 

3.9 

10.4 

13.9 

18.1 

12.2 

16.2 

20.6 

7.2 

8.9 

11.9 

7/8/94 

6.2 

8.5 

5.5 

10.5 

13.8 

17.5 

12.3 

16.3 

20.7 

7.5 

9.1 

12.2 

7/10/94 

6.4 

8.9 

6.3 

10.5 

14.7 

17.2 

12.3 

16.3 

20.8 

7.8 

9.5 

12.6 
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The  following  data  file  was  constructed  from  the  original  data  printed  in  the  project  report. 


Soil  gas  probes  for  the  following  plots  are  indicated  by 

Warm  Water 

A#_ 

Passive  Warming 

P#_ 

Control 

C#_ 

Heat  Tape 

H#_ 

Background 

B#_ 

Perimeter 

PE#_&PP#_ 

Soil  gas  measurements  are 

in  units  of  %02 

In  Situ  Respiration  Test  #1  (1  -  7  Oct  1991) 


Time 

(hrs) 

AIB 

A2C 

A5B 

A6A 

A6B 

Time 

(hrs) 

A2B 

Time 

(hrs) 

A3C 

Time 

(hrs) 

A6C 

0 

8.0 

15.0 

14.0 

12.0 

8.4 

0 

19.0 

0 

17.0 

0 

4.4 

4 

6.2 

14.0 

9.1 

11.0 

7.6 

4 

15.0 

4 

16.0 

14 

4.0 

9 

1.8 

12.0 

8.0 

10.0 

7.0 

9 

11.0 

9 

14.0 

25 

3.8 

14 

9.0 

8.0 

8.0 

6.0 

14 

7.3 

25 

13.0 

33 

25 

8.2 

5.9 

6.9 

4.5 

33 

4.5 

33 

13.0 

49 

33 

7.5 

3.9 

4.5 

70 

4.4 

49 

13.0 

70 

49 

9.9 

3.1 

70 

13.0 

96 

70 

7.9 

2.2 

96 

13.0 

146 

96 

0.8 

146 

12.0 

Intercept 

8.35 

13.09 

11.61 

10.93 

8.31 

14.00 

14.95 

4.38 

Slope 

-0.697 

-0.112 

-0.244 

-0.146 

-0.155 

-0.176 

-0.024 

-0.024 

Rsquare 

0.970 

0.755 

0.822 

0.917 

0.995 

0.608 

0.521 

0.985 

Time 

(hrs) 

A3A 

Time 

(hrs) 

PE4A 

PE4B 

PE5A 

PE6B 

PE6C 

PE7A 

Time 

(hrs) 

PE6A 

0 

20.0 

0 

20.9 

20.9 

19.8 

18.5 

13.5 

16.0 

4 

18.3 

4 

17.0 

4 

20.9 

20.9 

20.9 

19.0 

12.2 

15.2 

9 

18.0 

9 

15.0 

9 

20.6 

19.8 

20.0 

18.8 

12.0 

14.5 

14 

18.0 

70 

11.0 

14 

20.7 

19.9 

20.5 

18.8 

12.8 

14.4 

25 

17.6 

146 

9.8 

25 

20.8 

19.5 

19.8 

18.0 

12.0 

13.5 

33 

16.8 

33 

20.5 

18.7 

19.5 

17.5 

12.0 

12.0 

49 

15.8 

Intercept 

17.25 

49 

19.9 

18.3 

19.7 

17.8 

12.6 

11.8 

70 

15.0 

Slope 

-0.059 

70 

19.0 

17.6 

18.7 

15.5 

11.7 

8.7 

96 

13.9 

Rsquare 

0.770 

96 

18.6 

17.6 

18.0 

14.1 

11.3 

7.1 

146 

11.6 

146 

17.5 

16.2 

16.8 

12.1 

11.0 

7.1 

Intercept 

21.04 

20.32 

20.48 

19.19 

12.65 

15.01 

18.49 

Slope 

-0.025 

-0.031 

-0.025 

-0.049 

-0.012 

-0.067 

-0.048 

Rsquare 

0.968 

0.904 

0.913 

0.963 

0.617 

0.897 

0.993 
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Time 


(hrs) 

PIA 

PIB 

PIC 

P2A 

P2B 

P2C 

P3A 

P3B 

P3C 

P4A 

P4B 

0 

20.9 

20.9 

20.9 

20.9 

20.7 

20.8 

20.9 

20.9 

20.9 

20.7 

20.7 

4 

20.2 

20.5 

20.0 

20.6 

20.0 

20.2 

20.5 

20.7 

20.5 

20.8 

20.6 

9 

20.2 

20.5 

20.0 

20.7 

20.0 

20.3 

20.6 

20.6 

20.5 

20.8 

20.5 

14 

19.8 

20.0 

20.0 

21.3 

19.5 

20.0 

20.0 

20.3 

20.4 

20.2 

20.0 

25 

19.3 

19.5 

19.5 

20.1 

19.2 

19.7 

20.0 

20.0 

20.2 

20.0 

19.7 

33 

18.5 

18.8 

18.9 

19.5 

18.5 

19.0 

20.3 

19.3 

19.5 

19.2 

18.8 

49 

17.5 

18.0 

18.4 

19.2 

17.8 

18.6 

18.8 

18.9 

19.4 

18.4 

18.0 

70 

16.0 

16.7 

17.8 

18.9 

17.0 

18.0 

17.9 

18.1 

19.1 

17.5 

16.8 

96 

15.0 

15.8 

17.4 

18.5 

17.0 

18.0 

17.2 

17.5 

18.8 

16.9 

15.8 

146 

13.9 

15.5 

16.5 

16.9 

14.7 

17.5 

16.0 

18.5 

15.0 

13.5 

Intercept 

20.38 

20.45 

20.21 

20.89 

20.14 

20.41 

20.58 

20.75 

20.51 

20.80 

20.72 

Slope 

-0.050 

-0.041 

-0.029 

-0.027 

-0.038 

-0.030 

-0.027 

-0.034 

-0.016 

-0.041 

-0.051 

Rsquare 

0.955 

0.916 

0.931 

0.932 

0.959 

0.907 

0.840 

0.986 

0.878 

0.981 

0.992 

Time 

(hrs) 

P4C 

P5A 

P5B 

P5C 

P6A 

P6B 

P6C 

0 

20.7 

20.7 

20.7 

20.7 

20.9 

20.5 

20.5 

4 

20.2 

20.7 

20.5 

20.1 

20.5 

20.0 

20.0 

9 

20.3 

20.7 

20.3 

20.0 

20.4 

19.6 

19.7 

14 

20.1 

20.1 

20.0 

19.9 

19.2 

19.0 

19.3 

25 

19.5 

20.1 

19.2 

19.3 

20.0 

18.1 

19.7 

33 

18.8 

19.5 

18.3 

18.4 

19.3 

17.0 

17.8 

49 

18.1 

19.0 

17.5 

17.9 

18.9 

15.6 

17.0 

70 

17.1 

18.0 

16.7 

16.0 

18.2 

14.0 

15.8 

96 

16.4 

17.0 

15.0 

16.0 

17.2 

12.4 

14.6 

146 

15.0 

15.2 

12.5 

14.1 

15.8 

10.2 

12.8 

Intercept 

20.42 

20.84 

20.62 

20.28 

20.52 

19.91 

20.15 

Slope 

-0.040 

-0.039 

-0.057 

-0.046 

-0.033 

-0.073 

-0.054 

Rsquare 

0.973 

0.994 

0.993 

0.957 

0.954 

0.971 

0.963 

Time 

Time 

(hrs) 

CIA 

CIB 

C2A 

C3A 

C4A 

C4B 

C5A 

C6A 

(hrs) 

C2B 

0 

16.5 

12.8 

19.5 

20.9 

20.2 

8.7 

20.5 

19.5 

0 

17.0 

4 

15.8 

11.8 

18.4 

20.2 

20.3 

10.5 

19.9 

19.3 

4 

13.2 

9 

15.0 

11.0 

18.3 

20.0 

20.0 

9.2 

20.3 

18.6 

9 

13.4 

14 

14.0 

11.5 

18.0 

20.2 

20.0 

7.8 

18.6 

17.8 

14 

12.5 

25 

12.9 

10.5 

17.5 

20.0 

19.0 

8.5 

17.4 

16.0 

33 

13.2 

33 

11.9 

9.5 

17.1 

19.6 

18.7 

7.6 

16.6 

14.8 

49 

11.1 

49 

9.5 

6.9 

16.0 

19.0 

17.4 

6.1 

14.8 

12.5 

70 

11.3 

70 

7.1 

5.4 

14.4 

18.6 

16.1 

5.0 

12.9 

9.9 

146 

9 

96 

6.1 

5.5 

13.0 

17.9 

15.1 

4.3 

10.3 

7.6 

146 

2.5 

2.2 

9.1 

15.0 

11.0 

6.1 

3.9 

Intercept 

15.47 

11.92 

19.11 

20.72 

20.60 

9.47 

20.23 

19.03 

14.18 

Slope 

-0.097 

-0.072 

-0.067 

-0.035 

-0.063 

-0.058 

-0.101 

-0.113 

-0.039 

Rsquare 

0.963 

0.940 

0.993 

0.956 

0.991 

0.884 

0.990 

0.976 

0.685 
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In  Situ  Respiration  Test  #2  (10  -  14  Nov  1991) 


Time  Time 


(hrs) 

P4C 

P6A 

P6B 

(hrs) 

P4A 

P4B 

P6C 

0 

20.9 

20.9 

20.9 

0 

20.9 

20.9 

20.1 

3 

20.4 

20.9 

20.9 

24 

19.9 

19.5 

19.9 

24 

19.9 

19.2 

19.5 

48 

19.0 

18.6 

18.8 

48 

19.0 

18.7 

17.8 

Intercept 

20.72 

20.85 

21.01 

20.88 

20.82 

20.25 

Slope 

-0.036 

-0.049 

-0.066 

-0.040 

-0.048 

-0.027 

Rsquare 

0.960 

0.922 

0.996 

0.999 

0.984 

0.862 

Time 

(hrs) 

CIA 

CIB 

CIC 

C6A 

Time 

(hrs) 

C6B 

Time 

(hrs) 

PEIA 

Time 

(hrs) 

PEIB 

0 

17.3 

10.1 

6.3 

20.5 

0 

11.0 

3 

20.9 

3 

20.9 

3 

18.3 

12.9 

5.6 

19.7 

24 

8.5 

24 

20.5 

24 

20.9 

24 

14.5 

6.5 

4.5 

18.0 

48 

5.0 

48 

20.9 

96 

20.5 

48 

14.0 

7.4 

3.9 

16.2 

96 

96 

4.9 

Intercept 

20.76 

20.99 

Intercept 

17.63 

10.60 

5.94 

20.20 

11.17 

Slope 

0.00 

-0.01 

Slope 

-0.086 

-0.065 

-0.046 

-0.085 

-0.125 

Rsquare 

0.001 

0.783 

Rsquare 

0.822 

0.669 

0.911 

0.983 

0.991 

In  Situ  Respiration  Test  #3  (7  -  14  Dec  1991) 


Time  Time 


(hrs) 

AIB 

A6C 

(hrs) 

P4A 

P4B 

P4C 

P6A 

P6B 

P6C 

0 

5.9 

5.1 

0 

20.9 

20.7 

20.7 

20.4 

20.1 

20.1 

4 

5.6 

5.4 

4 

20.9 

20.5 

20.5 

20.1 

20.1 

20.1 

8 

4.7 

5.8 

8 

20.0 

20.0 

20.0 

20.5 

19.8 

19.8 

22 

2.2 

22 

20.2 

19.6 

20.6 

19.5 

19.4 

19.8 

47 

47 

18.8 

18.2 

19.1 

18.9 

18.0 

18.8 

98 

98 

17.1 

17.2 

18.6 

17.1 

17.0 

17.4 

169 

169 

15.5 

14.2 

16.9 

15.0 

16.9 

Intercept 

6.00 

5.89 

Intercept 

20.67 

20.46 

20.56 

20.39 

20.06 

20.01 

Slope 

-0.150 

-0.149 

Slope 

-0.032 

-0.037 

-0.022 

-0.032 

-0.033 

-0.021 

Rsquare 

0.923 

0.750 

Rsquare 

0.969 

0.984 

0.943 

0.991 

0.961 

0.940 
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Time 

(hrs) 

CIA 

Time 

(hrs) 

CIB 

Time 

(hrs) 

C6A 

Time 

(hrs) 

C6B 

0 

16.2 

0 

12.0 

0 

20.0 

0 

12.0 

8 

16.3 

4 

10.0 

4 

16.9 

4 

9.9 

22 

15.6 

8 

9.0 

8 

20.0 

8 

9.8 

47 

13.2 

47 

6.8 

22 

18.5 

22 

8.1 

98 

12.1 

98 

7.2 

47 

16.8 

47 

7.7 

169 

8.8 

98 

14.2 

169 

11.3 

Intercept 

16.26 

10.24 

19.18 

10.74 

Slope 

-0.045 

-0.040 

-0.048 

-0.076 

Rsquare 

0.971 

0.604 

0.888 

0.726 

In  Situ  Respiration  Test  #4  (28  Jan  -  2  Feb  1992) 

Time  Time 


(hrs) 

AIB 

(hrs) 

AlC 

A2B 

A2C 

A3B 

A3C 

A4B 

A5C 

A6A 

0 

8.9 

0 

13.5 

18.4 

15.0 

17.5 

21.5 

4.3 

12.1 

5.2 

5 

6.0 

5 

12.8 

15.2 

13.2 

17.0 

16.2 

2.5 

10.0 

4.0 

54 

1.0 

31 

12.5 

9.4 

10.5 

13.8 

14.0 

1.5 

9.5 

3.8 

54 

12.0 

4.8 

10.0 

12.5 

13.8 

1.0 

9.3 

3.0 

Intercept 

7.83 

13.22 

17.33 

14.14 

17.36 

18.93 

3.48 

11.11 

4.72 

Slope 

-0.128 

-0.023 

-0.239 

-0.088 

-0.096 

-0.114 

-0.051 

-0.039 

-0.032 

Rsquare 

0.920 

0.854 

0.978 

0.868 

0.973 

0.630 

0.775 

0.583 

0.779 

Time 

(hrs) 

A4C 

Time 

(hrs) 

PIA 

PIB 

PIC 

P2A 

P2B 

P2C 

P3A 

P3B 

P3C 

0 

8.9 

0 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

31 

8.5 

6 

20.5 

20.8 

20.5 

20.8 

20.7 

20.8 

20.8 

20.8 

20.9 

54 

8.0 

30 

19.8 

20.0 

19.9 

20.0 

20.0 

20.1 

19.9 

19.9 

20.2 

53 

19.1 

19.5 

19.5 

19.6 

19.5 

19.9 

19.1 

19.1 

19.9 

104 

17.6 

18.7 

18.8 

18.1 

18.1 

19.0 

18.8 

18.1 

18.4 

Intercept 

8.93 

292 

13.6 

14.3 

15.8 

14.8 

16.0 

13.3 

13.9 

16.6 

Slope 

-0.016 

Rsquare 

0.978 

20.56 

20.84 

20.57 

20.92 

20.67 

20.79 

20.86 

20.70 

20.69 

-0.024 

-0.022 

-0.017 

-0.027 

-0.021 

-0.017 

-0.025 

-0.024 

-0.015 

0.990 

0.997 

0.989 

0.995 

0.989 

0.996 

0.986 

0.992 

0.947 
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Time  Time 


(hrs) 

P4A 

P4B 

P4C 

P5A 

P5B 

P5C 

P6A 

P6C 

(hrs) 

P6B 

0 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

0 

20.9 

6 

20.9 

20.8 

20.9 

20.5 

20.7 

20.7 

20.6 

20.8 

6 

20.9 

30 

20.0 

19.6 

20.0 

20.1 

19.7 

20.1 

19.9 

20.0 

30 

19.5 

53 

19.2 

18.4 

19.5 

19.5 

18.6 

19.7 

19.1 

18.7 

104 

17.8 

104 

18.0 

17.2 

18.9 

18.1 

17.2 

18.9 

17.9 

18.6 

292 

13.1 

292 

13.7 

11.9 

15.1 

13.6 

13.0 

14.2 

13.9 

14.5 

Intercept 

20.78 

20.59 

20.80 

20.78 

20.50 

20.91 

20.62 

20.64 

21.39 

Slope 

-0.025 

-0.030 

-0.020 

-0.025 

-0.027 

-0.023 

-0.023 

-0.021 

-0.076 

Rsquare 

0.994 

0.988 

0.992 

0.999 

0.980 

0.995 

0.992 

0.970 

0.983 

Time 

(hrs) 

CIA 

CIB 

C2A 

C3A 

C3B 

C4B 

C5C 

C6A 

Time 

(hrs) 

C4A 

0 

19.3 

15.0 

20.9 

20.9 

15.5 

10.1 

14.0 

20.5 

7 

20.8 

7 

19.0 

13.7 

20.5 

20.9 

14.5 

8.0 

13.0 

20.2 

29 

20.5 

29 

17.5 

12.0 

19.5 

20.5 

10.8 

6.2 

13.0 

18.8 

51 

18.9 

51 

15.9 

10.2 

18.0 

19.0 

9.5 

5.3 

11.4 

17.8 

104 

18.3 

104 

14.5 

9.5 

17.0 

19.3 

15.5 

293 

11.8 

293 

8.0 

2.2 

12.1 

16.4 

9.8 

Intercept 

18.73 

13.67 

20.34 

20.71 

15.23 

9.27 

13.78 

20.00 

21.31 

Slope 

-0.038 

-0.040 

-0.029 

-0.015 

-0.122 

-0.086 

-0.043 

-0.036 

-0.085 

Rsquare 

0.981 

0.959 

0.974 

0.926 

0.955 

0.879 

0.847 

0.984 

0.953 

In  Situ  Respiration  Test  #5  (17  -  23  Mar  1992) 


Time  Time 


(hrs) 

A2B 

A3A 

A5C 

A6A 

(hrs) 

P4B 

P4C 

P6A 

P6B 

P6C 

0 

14.9 

18.6 

9.0 

7.8 

0 

20.9 

20.9 

20.9 

20.9 

20.8 

3 

10.4 

17.6 

8.8 

8.6 

3 

20.9 

20.9 

20.9 

20.9 

20.9 

19 

9.2 

12.2 

7.8 

5.6 

19 

20.3 

20.1 

20.0 

19.9 

20.1 

49 

1.4 

6.1 

6.5 

4.2 

49 

18.5 

19.5 

19.4 

18.8 

19.8 

137 

4.8 

1.9 

137 

16.5 

18.1 

17.1 

16.2 

18.0 

Intercept 

13.24 

15.82 

8.93 

7.46 

Intercept 

20.79 

20.74 

20.80 

20.76 

20.77 

Slope 

-0.240 

-0.095 

-0.051 

-0.044 

Slope 

-0.033 

-0.020 

-0.027 

-0.034 

-0.020 

Rsquare 

0.920 

0.722 

0.991 

0.857 

Rsquare 

0.960 

0.960 

0.987 

0.986 

0.978 

(hrs) 

CIB 

C2A 

C6A 

C6B 

C6C 

0 

8.8 

20.8 

20.9 

13.0 

13.1 

3 

8.8 

19.6 

20.5 

12.8 

12.8 

19 

7.1 

18.5 

18.4 

11.4 

12.4 

49 

7.1 

17.1 

18.0 

10.1 

10.1 

137 

4.0 

15.9 

14.8 

10.0 

Intercept 

8.55 

19.66 

20.24 

12.31 

13.16 

Slope 

-0.034 

-0.031 

-0.041 

-0.020 

-0.060 

Rsquare 

0.942 

0.805 

0.924 

0.662 

0.965 
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141 


ISRT  2  ISRT  3  ISRT  4  ISRT  5  ISRT  6  ISRT  7  ISRT  8  ISRT  9 

10-14  Nov  91  7-14  Dec  91  28  Jan-2  Feb  9  17-23  Mar  92  18-23  Apr  92  13-20  June  92  9-19  Aug  92  30  Oct -12  No 


ISRT  1  ISRT  2  ISRT  3  ISRT  4  ISRT  5  ISRT  6  ISRT  7  ISRT  8  ISRT  9 

1-7  Oct  91  10-14  Nov  91  7-14  Dec  91  28  Jan-2  Feb  9  17-23  Mar  92  18-23  Apr  92  13-20  June  92  9-19  Aug  92  30  Oct -12  No 

Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp 

0.050  6.233  0.024  0.863  I  0.134  13.293  0.065  4.775 
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ISRT  I  ISRT  2  ISRT  3  ISRT  4  ISRT  5  ISRT  6  ISRT  7  ISRT  8  ISRT  9 

1-7  Oct  91  10-14  Nov  91  7-14  Dec  91  28  Jan-2  Feb  9  17-23  Mar  92  18-23  Apr  92  13-20  June  92  9-19  Aug  92  30  Oct -12  No 

Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp  Rate  Temp 

0.217  7.675 
0.160  7.538 


ISRT  1  ISRT  2  ISRT  3  ISRT  4  ISRT  5  ISRT  6  ISRT  7  ISRT  8  ISRT  9 
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D-  fo  rf  00 

cs  00  1— '  rf  m 

H  (N  o  ri 

00  os  Os 
^  so  VO  m 

S  q  q  q  q 

*  o  o  o  o 


in 

00 

00 

rr 

<N 

rf 

VO 

Os 

Os 

00 

00 

00 

d 

<N 

d 

(N 

ri 

— 

m 

VO 

m 

(N 

o 

o 

ro 

Tf 

in 

o 

o 

o 

O 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d.  o  o  — 

&  o 

c 

<N  rn  O 


r-  r*-  r*' 

Tt  (N  os 
(N  O  O 


o 

o 

o 

o 

o 

o 

o 

o 

m 

o 

in 

o 

m 

m 

o 

in 

r- 

ma 

m 

r-' 

r- 

m 

d 

B9 

fo 

ri 

rn 

d 

csi 

rn 

Os 

m 

o 

Os 

r*- 

(N 

rq 

00 

'rr 

r- 

(N 

VO 

O 

cn 

o 

(N 

o 

o 

*— • 

o 

d 

d 

d 

d 

d 

d 

d 

d 

e 

I 

H  9 


so  r- 

00  m 


flj  Os 

13  S 


o  o  o 

Tj*  m 
<N  00  m 

o  d  — ‘ 


—  o  o 

rr  VO 

o  o  o 


o 

o 

o 

o 

o 

o 

o 

fn 

o 

m 

o 

m 

m 

o 

m 

o 

VO 

rs 

<N 

(N 

(N 

CN 

<N 

o 

d 

1 

d 

d 

d 

1 

d 

d 

t 

* 

d 

00 

o 

Os 

m 

<N 

m 

vO 

VO 

<N 

«pM 

CN 

00 

00 

TT 

m 

o 

o 

O 

o 

•— 

o 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

o 

cx  o  o 

C  00  ^ 
g  <N 
H  —  d 


Cl.  in  »n  in 
p  (N  (N 
53  m  <n  m 
h-  <N  d 


so  in  VO 
00  VO  rf 


o 

o 

O 

o 

O 

o 

O 

o 

o 

m 

o 

m 

o 

in 

m 

O 

m 

«n 

os 

p 

p 

o 

Os 

Os 

p 

os 

Os 

vd 

vd 

vd 

vd 

vd 

vd 

r-« 

fS 

r- 

Os 

m 

m 

00 

fn 

os 

r- 

VO 

fn 

ro 

VO 

m 

o 

O 

p 

O 

o 

O 

o 

o 

tmm 

d 

d 

d 

d 

d 

d 

d 

d 

d 

< 

£ 

U  < 

CQ  U 

(N  (N 

<  CQ 

fn  <n 

U 

rn 

< 

rj- 

m  u 

Tj- 

< 

in 

CQ  U 
m  m 

< 

VO 

uuuuuuuuuuk 


On 


Cl. 

B 

-  4) 

%  H 

X 

H  — 

S  ^  I 

VO  » 


X 


O. 

o 

m 

•n 

fn 

g 

X 

os 

m 

CN 

Os 

<l> 

CN 

00 

Os 

j:  t3 
o 

5 

H 

CS 

tT* 

vS 

Tf 

« 

m 

VO 

CN 

X 

»ri 

OO 

m 

3 

1^ 

1— 

. 

O 

o 

o 

^  s 

d 

d 

d 

d 

d 

tn 

o 

CN 

00 

oo 

r- 

m 

E 

o 

VO 

«  - 

VO* 

00 

*<0* 

rrj 

H<  X 

5 

a> 

O 

r- 

f<N 

o 

CO 

0^ 

r<\ 

CN 

o 

d 

d 

d 

d 

d 

o 

fS 

CN 

o 

E 

ro 

o 

CN 

o 

VO 

!£  ^ 

CN 

o 

On 

H 

On 

rn 

OS 

CN 

d 

eo 

CN 

CN 

CN 

3 

VO 

cn 

Os 

H 

*ri 

CN 

o 

OS 

CS  - 

0^ 

cn 

O 

CN 

CN 

o 

o 

O 

o 

22  rL 

d 

d 

d 

d 

d 

d 

d 

d 

Ov 


O. 

E 


a. 

r~ 

o 

E 

cn 

On 

fM 

r- 

On 

On  4) 

O 

•— 

CN 

t^ 

t-x 

CO 

os 

d 

d 

00 

d 

»n 

CN 

CN 

<n 

cn  « 
T  a: 

CN 

rr 

CN 

VO 

o 

O 

o 

d 

d 

d 

d 

d 

wn  oo 
so 

so  -rr 
so  so 


m  o 

m  <N 

fO 


o  m  r-*  o 

X  NO  tN  X 
On  O  OS 
rn  r*S  v-> 


r  . 

CJ 

o 

o 

VO 

m 

VO 

os 

00 

r“ 

cn 

1 

w. 

On 

X 

XX 

XX 

VO 

xX 

VO 

o; 

CO 

— 

O 

— 

p 

o 

o 

o 

o 

o 

C/5 

tT 

CN 

CC 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o. 

vn 

CN 

o 

o 

o 

"o" 

o 

CN 

k. 

e 

VO 

VO 

o 

m 

Os 

tT 

m 

OO 

CO 

3 

vq 

r-^ 

00 

CN 

VO 

*n 

XX 

VO 

p 

CN 

4> 

d 

CN 

CN 

d 

'*0' 

CN 

d 

m 

xx 

•“ 

XX 

XX 

x> 

CN 

vn 

On 

»n 

CN 

*n 

00 

H 

u 

r. 

■*-* 

X 

OO 

XX 

r*- 

«n 

CN 

QC 

Um 

CO 

o 

»— « 

o 

o 

o 

o 

O 

o 

eg 

CN 

tX 

d 

d 

d 

d 

d 

d 

d 

d 

d 

CN 

vn 

o 

vn 

o 

O 

o 

o 

fo 

m 

e' 

a> 

H 

VO 

CN 

<N 

o 

o 

m 

tn 

r*- 

00 

o 

»n 

r- 

00 

CN 

CN 

in 

VO 

VM 

OS 

d 

d 

d 

00 

d 

d 

VO 

d 

d 

00 

d 

d 

VO 

W 

C 

XX 

XX 

XX 

xX 

* 

XX 

X.X 

XX 

H 

CO 

*— i 

o 

o 

o 

vn 

o 

o 

o 

o 

o 

o 

o 

m 

o 

o 

o 

o 

o 

o 

o 

o 

<N 

o 

o 

o 

o 

QC 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

C/) 

00 

d 

o 

d 

d 

d 

d 

d 

d 

d 

o 

d 

d 

o 

OS 

<3s 

o 

O 

VO 

00 

o 

o 

r- 

E 

0^ 

H 

•O 

CN 

Tf 

•X- 

CN 

(N 

VO 

m 

o 

O 

O' 

VO 

VO 

m 

r- 

o 

00 

d 

VO 

VO 

d 

VO 

vd 

VO 

•X. 

XXX 

H 

m 

os 

00 

VO 

r- 

o 

rr 

VO 

00 

00 

00 

m 

CN 

m 

CN 

Os 

rs 

os 

QC 

C 

CN 

CN 

O 

o 

XX 

— 

o 

VO 

22 

X-) 

d 

d 

d 

o 

d 

d 

d 

d 

O 

< 

oa 

u 

< 

CO 

u 

< 

CD 

u 

< 

CD 

u 

< 

CD 

u 

< 

OQ 

u 

< 

CQ 

u 

< 

CQ 

c; 

tu 

XX 

XX 

<N 

CN 

CN 

m 

cn 

rr 

»n 

«r» 

«n 

VO 

VO 

VO 

r- 

oo 

00 

00 

> 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

T3 

E 


o 

vn  *^3 

lO  CO 


m 


U 

lo 


A 


o 

tn 

o 

es 

s 

&■ 

« 


146 


5  n*  3 


O, 

m 

a^ 

E 

o 

r- 

ts 

H 

o 

H 

a: 

C/) 

VO 

fS 

1 

o 

Rate 

(N 

m 

O. 

£ 

o^ 

a> 

NO 

H 

3 

H 

00 

o 

05 

(N 

1 

13 

CN 

VJ 

(X 

£ 

o^ 

H 

H 

3 

Ci£ 

1 

ed 

0^ 

r-* 

o. 

E 

ON  O 

2  >.  H 

^  - 
“  -  ,5 
J£  ri 


m 

Ov 

CL 

E 

u 

cd 

(U 

H 

s 

H 

— 

OJ 

0^ 

(/3 

cn 

1 

Id 

(N 

Urn 

CL 

cd 

E 

fS 

s 

u 

H 

m 

0) 

H 

OS 

Um 

3 

tT 

<N 

CL 

E 

m 

a> 

Ov 

c 

H 

cd 

C/) 

1 

Rate 

oo 

00 

o 

o 

00 

o 

o 

00 

o 

o 

00 

o 

00 

o 

o 

*r) 

00 

00 

o 

o 

00 

o 

o 

00 

o 

o 

00 

o 

00 

o 

o 

(N 

00 

•T) 

r- 

*n 

vn 

r- 

m 

r- 

m 

VO 

cn 

Tt 

rn 

(N 

Tf 

d 

oi 

rf 

d 

fN 

CNl 

fn 

<N 

d 

(N 

o 

O 

00 

Tf 

m 

VO 

m 

ON 

fN 

m 

On 

rr 

rr 

m 

<N 

O 

VO 

Tf 

««*« 

VO 

VO 

VO 

<N 

fn 

VO 

rN 

fN 

o 

o 

o 

o 

o 

O 

o 

o 

O 

O 

o 

o 

o 

o 

O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

o 

d 

d 

d 

d 

d 

o 

r*^ 

o 

o 

o 

r- 

00 

VO 

ON 

ON 

00 

VO 

d 

d 

d 

t-' 

m 

tTi 

VO 

o 

r-' 

ON 

VO 

VO 

<N 

00 

m 

00 

rN 

o 

O 

o 

o 

o 

o 

d 

d 

d 

d 

o 

o 

o 

o 

o 

o 

o 

in 

o 

o 

o 

m 

o 

o 

«n 

o 

o 

o 

»r> 

r- 

o 

*r) 

o 

r* 

o 

»n 

m 

r- 

o 

m 

I*-* 

o 

o 

o 

fN 

00 

CN 

00 

rr 

fN 

00 

fN 

00 

00 

fN 

00 

fN 

rN 

00 

fN 

ri 

«AJ 

d 

ri 

d 

d 

fN 

d 

d 

fN 

fN 

o 

<N 

«n 

d 

d 

rr 

d 

fN 

fN 

fN 

*— 

fN 

fN 

fN 

O' 

Ov 

•n 

•ri 

ON 

rNj 

*n 

•n 

m 

00 

r- 

r- 

tT 

m 

VO 

iTl 

On 

1-^ 

00 

o 

o 

00 

wmm 

On 

VO 

VO 

o 

r- 

ON 

1— 

O 

o 

iw 

«— 

•— « 

•— 

o 

fN 

O 

*— 1 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

d 

d 

d 

d 

d 

d 

d 

00 

rn 

00 

oo 

00 

00 

fN 

«— 

fN 

oo 

d 

00 

m 

00 

VO 

in 

ON 

TT 

VO 

On 

in 

Tf 

VO 

O 

o 

fN 

d 

d 

d 

d 

O 

o 

o 

o 

o 

o 

r- 

o 

o 

r- 

o 

VO 

o 

VO 

o 

o 

o 

VO 

o 

VO 

o 

VO 

in 

VO 

ON 

r- 

OS 

On 

r-* 

On 

fN 

M 

fN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

VO 

d 

00 

00 

rn 

TT 

00 

00 

On 

TJ* 

VO 

Tf 

*r\ 

rr 

rr 

VO 

O 

VO 

r- 

00 

m 

m 

o 

O 

O 

o 

o 

O 

o 

o 

O 

o 

o 

o 

d 

d 

d 

d 

d 

o 

o  o 

d 

d 

d 

d 

d 

o 

o 

o 

o 

t-- 

00 

00 

00 

oo 

■rr 

d 

d 

d 

1 

d 

d 

d 

00 

ON 

o 

VO 

TT 

00 

fn 

m 

VO 

(N 

o 

o 

o 

o 

o 

o 

d 

d 

d 

o 

o 

o 

_ 

fN 

fN 

VO 

<N 

(N 

VO 

00 

ro 

OO 

rn 

r- 

(N 

VO 

00 

1 

—  m 

m 

m 

fN 

<N 

in  fN 

o  o  o  o  o  o 


o 

cn 

o 

m 

o 

rn 

r- 

O 

m 

o 

m 

t^ 

O 

m 

r- 

O 

o 

O 

o 

o 

O 

'O 

r- 

<N 

VO 

<N 

VO 

fN 

VO 

r- 

fN 

VO 

<N 

VO 

r- 

(N 

oo 

OO 

m 

00 

00 

vq 

O 

vq 

o 

vq 

— 

o 

vq 

o 

vq 

O 

vq 

— 

o 

in 

q 

»n 

q 

d 

d 

— 

d 

— 

d 

— 

— 

d 

— 

d 

fN 

•— 

(N 

— 

— 

VO 

00 

o 

fn 

r- 

ro 

o 

o 

o 

o 

On 

On 

<n 

in 

fN 

o 

On 

VO 

O 

VO 

r- 

o 

m 

*n 

<N 

»n 

o 

o 

NO 

fN 

'll' 

in 

(N 

o 

<N 

o 

fN 

m 

H  ii 

QS:  =  5 

5^  C6 


o 

rr 

O 

o 

o 

O 

o 

O 

rr 

O 

o 

o 

■rf 

m 

»n 

rn 

in 

O 

"rr 

*— « 

O 

tT 

o 

«— < 

o 

O 

fN 

fN 

rn 

q 

o 

q 

O 

q 

N-< 

q 

q 

o 

q 

O 

m 

q 

q 

q 

q 

d 

— 

d 

-N 

d 

— 

d 

— 

d 

ri 

— 

— 

— 

m 

r- 

m 

m 

fN 

VO 

in 

cn 

00 

Tf 

VO 

VO 

m 

fN 

m 

m 

(N 

in 

m 

Tf 

m 

m 

m 

o 

(N 

(N 

o 

o 

O 

q 

o 

o 

o 

o 

q 

o 

q 

o 

o 

o 

q 

o 

o 

O 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

^ - - 

< 

m 

u  < 

HI 

E3 

U 

<C 

ED 

U 

< 

CD  U 

< 

u  < 

ED 

U 

K. 

& 

K.  £ 

fN  fN 
CL  a. 

m  m 
CL  On 

m 

CL 

CL 

a. 

CL 

in 

a< 

m 

CL 

m 

a. 

VO 

On 

VO  VO 
CL  CL 

r* 

CL 

a. 

f'  00 
Oh  Oh 

00 

CL 

00 

CL 

00  o  »n 
fn  <N 
00  (N  o^ 


o 

o  o  d 


o. 

m  E 

3 

H  ®=  £ 
OS  5 
52^“^ 


^  CO 

r  S  ^ 

“  2  I 

V5  ,  a 

MM 


O  00  o 

fn 

<N  ®® 


00  «n  00 
m  (N  cn 
m  VO 


»n  Ov  cn 
(N  O  m 

o  o  o 


o 

o 

o 

o 

o 

o 

r-* 

(N 

00 

00 

r*- 

(N 

o 

ON 

o 

o 

o 

Os 

tT 

<N 

to 

to 

CN 

00 

VO 

o 

to 

rf 

— 

fO 

fO 

(N 

o 

o 

o 

o 

o 

O 

d 

d 

d 

d 

d 

d 

«n 

to 

■rr 

to 

to 

to 

to 

to 

rr 

to 

to 

to 

to 

r** 

fO 

r- 

CN 

o 

r*- 

(N 

r- 

(N 

o 

<N 

r-* 

o 

(N 

r- 

VO 

fO 

VO 

Ov 

to 

(O 

*o 

ON 

to 

Os 

•o 

fO 

Os 

to 

fO 

Os 

to 

(N 

(N 

(^ 

'O 

vd 

to 

vd 

fO 

so 

— 

ro 

VO 

t-H 

fO 

so 

ri 

VO 

(N 

— 

— 

•“ 

— 

tn 

r** 

ro 

— 

VO 

00 

00 

<N 

oo 

00 

On 

to 

VO 

o 

00 

rr 

o 

04 

(N 

fO 

<N 

ON 

00 

fO 

Tf 

fO 

r- 

VO 

00 

o 

*— 

o 

O 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

o 

d 

d 

d 

d 

d 

o 

o 

o 

o 

r-* 

o 

o 

o 

r' 

o 

o 

o  o 

00 

to 

to 

to 

^  to 

ON 

VO 

o 

1 

d 

1 

d 

I 

d 

1 

d 

1 

d 

1 

d 

1 

d  d 

1  1 

d 

d 

<N 

(N 

fO 

to 

(N 

to 

VO  ^ 

to 

to 

o 

o 

rs 

to 

to 

o 

O 

o 

o 

o 

o 

o 

o  © 

© 

© 

o 

d 

d 

d 

d 

d 

d 

d  d 

o 

d 

o 

o 

o 

o 

o 

00 

oo 

o 

o 

o 

d 

1 

d 

1 

d 

d 

1 

to 

o 

m 

(N 

VO 

cn 

(N 

ro 

(N 

o 

o 

o 

O 

O 

o 

d 

d 

d 

d 

o 

o 

o 

o 

o 

(N 

CO 

m 

<N 

to 

o 

d 

d 

1 

d 

d 

r-» 

00 

Tf 

fN 

(N 

m 

fN 

o 

o 

O 

o 

o 

d 

d 

d 

d 

d 

cl' 

£ 

— .  ^  I  .  . 

o  H  o  o 


o®oo®oo® 

CN^^OOCN^OOCN*^ 

oOdd^dd^ 

orsmocNor^tN 
Om  —  —  oo  —  — 
ppoppooo 
dddddddd 


r*^  r-  ® 

00  ^  00  fN 

—  r-  — 

d  d  d  ® 


o  2  ®  2  H 

CA  (N  ^ 

-JO  -JO 


m  o  ^ 

(NO  O  O 

o  o  o  o 


r«^  (^  t*^  m  li/^ 

vo^vovo:^-- 
o  ^  o  o  m 

o  -j  — •  o  *  ' 


Control 


T3 

O 

•O 

o  a> 
0£)  CLn 
«  u- 


> 

< 


CN 


5  § 

^  H 
n  D  ^ 
u, 

H 


<N 

K  <> 


H 

o; 

C/} 


m 

On 

Cl 

B 

o 

u 

H 

Q 

00 

o 

fS 

— 

Cti 

CN 

JO— *oooo»ooosO(N^O(NmONOsT3*r^somoNOvo 
—  o^O‘o<NTto^^ovo<or^vO'^(N-^o^or^ 
^P^^’^^PPP^oppopqor'iqqqoo 
00000000  0  00  0*00000000000 


a 

o  o 

cn 

o 

(N 

m 

(N 

o 

o 

26 

E 

o 

q 

t*- 

r*' 

VO 

r- 

VO 

q 

t^ 

VO 

q 

o 

«o 

o 

o 

r- 

ON 

H 

vd  »d 

— 

d 

l> 

H! 

00 

vd 

“ 

0) 

VO  o 

VO 

o 

(N 

o 

o 

Q£ 

ON 

"cS 

CN  O 

o  o 

VO 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

IN 

IN 

O 

<N 

d  d 

d 

d 

d 

o 

o 

d 

d 

d 

d 

d 

D. 

o 

o 

o 

o 

o 

o 

Fi 

IN 

o 

25 

ON 

c 

0) 

H 

VO 

d 

vd 

d 

d 

vd 

vd 

o 

0) 

— * 

*— 

o 

Os 

00 

o 

o 

IN 

o 

— 

d 

o 

o 

O 

o 

o 

o 

o 

VO 

d 

o 

d 

d 

d 

d 

d 

Tf 

a. 

B 

o 

*rj 

VO 

VO 

oo 

m 

oo 

«/N 

o 

IN 

On 

o 

o 

VO 

o 

IN 

fS 

CQ 

H 

d 

d 

d 

d 

d 

1 

d 

d 

1 

S 

O 

r4 

ON 

IN 

IN 

c/3 

fN 

C3 

q 

o 

o 

o 

o 

o 

O 

o 

o 

00 

d 

d 

o 

d 

d 

d 

d 

a. 

o 

(N 

TJ* 

00 

23 

ON 

b 

0) 

1^ 

Tf 

00 

00 

ON 

r*- 

VO 

r*- 

IN 

$«■ 

o. 

f- 

d 

1 

— 

q 

d 

— 

< 

* 

' 

* 

H 

TT 

a> 

VN 

»A 

IN 

ON 

o 

ON 

a 

Vi 

fN 

1 

VO 

b 

o 

d 

O 

d 

O 

d 

IN 

O 

d 

g 

d 

o 

d 

IN 

O 

d 

o 

d 

CL 

o 

o 

00 

rr 

00 

IN 

o 

22 

On 

E 

O 

o 

VO 

m 

q 

ON 

o 

fn 

VN 

VO 

VN 

ON 

(N 

rn 

o 

IN 

o 

m 

c3 

s 

f- 

d 

• 

d 

1 

(N 

1 

m 

1 

o 

O 

1 

1 

d 

d 

1 

1 

ISRT 

o 

m 

1 

R^ate 

fN 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

OO 

o 

o 

o 

o 

o 

o 

m 

o 

o 

(N 

d 

d 

d 

o 

o 

d 

d 

d 

d 

d 

d 

^o 

r- 


o 

o 

o 


o 

o 

o 


o 

so 


m 

o 

o 


oo  00  r*- 

m  VO 

—  r- 
o  o  d 


r*^  — «  ^ 
<N  —  o 
o  o  o 


CL 

o 

IN 

VN 

o 

o 

m 

f«s. 

o 

E 

00 

m 

ON 

VO 

IN 

o 

00 

00 

o 

*o 

IN 

m 

VO 

VO 

oo 

o 

IN 

ON 

d 

d 

d 

d 

d 

d 

d 

1 

d 

T 

CQ 

o 

IN 

o 

o 

o 

o 

o 

o 

o 

o 

CC 

(/) 

W-) 

td 

oi, 

O 

q 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

1 

00 

d 

d 

d 

d 

d 

d 

d 

d 

d 

m  O 
ON  (N 


O  O 

o  o 
o  o 


tN(NCNrnr<imTj-rt'?rinw-)<ovo\o^o^r^r'ooooM 


O 

ha 

es 

E 

CQ 


loo 

d 

Iq 

d 

!(N 

m 

o 

d 


150 


ISRT  19  ISRT  20  ISRT  21  ISRT  22  ISRT  23  ISRT  24  ISRT  25  ISRT  26  Averaged 

21-28  Dec  93  8-15  Jan  94  19-24  Feb  94  24-30  Mar  94  16-24  Apr  94  8-12  May  94  6-llJun94  2-9  Jul  94  Over  Period 


—  fS'OO^Ol/^0■^0^(N 

(2loO'Or*imvO'^t~-oOTrvo\Of*iw^Osw^'^t>>Or'l'^rnO(^rnvr> 

(N 


00 

r- 

00 

00 

r- 

r** 

00 

00 

o 

00 

os 

00 

On 

00 

Os 

00 

Ov 

00 

os 

On 

«o 

d 

<N 

d 

CN 

d 

fN 

d 

(N 

d 

t*^ 

(N 

r*^ 

os 

r- 

00  V*j 

so 

O  OS 

O 

—  ^ 

rr 

VO 

O 

00 

00 

1 

rr^ 

^  Tf 

SO 

—  *ri 

<N 

CnJ  so 

<N 

On 

00 

Os 

00 

OS 

On 

r- 

so 

r-* 

VO 

VO 

so 

SO 

r- 

r^ 

r- 

On 

On 

os 

SO 

00 

SO 

O 

00 

OS 

VO 

so 

*— 

o 

O 

O 

o 

«— 

d 

d 

d 

d 

d 

d 

d 

OO 

OO 

o 

00 

o 

00 

<N 

00 

wo 

CnJ 

00 

*ri 

so 

vn 

00 

OO 

00 

OO 

d 

1 

d 

d 

tN 

d 

d 

1 

<N 

•» 

m 

os 

o 

On 

00 

VO 

rr 

On 

00 

*r^ 

»n 

o 

q 

o 

o 

q 

o 

O 

o 

d 

d 

d 

d 

d 

d 

d 

d 

a.|(N  t:-  S' 

0) 

H 


'''  S  <N  S 


o 

os 

CNl 

00 

o 

rr 

r*- 

rn 

(N 

rr 

rr 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

o 

m 

m 

1/^ 

o 

<N 

m 

n 

ro 

m 

r«^ 

1/^ 

'O 

os 

fn 

On 

On 

Os 

q 

d 

1 

d 

t 

d 

1 

d 

1 

d 

1 

d 

d 

os 

(N 

(N 

SO 

w-> 

(N 

Ti* 

r4 

t^ 

Tf 

<N 

•r> 

SO 

o 

o 

q 

O 

O 

O 

O 

d 

d 

d 

d 

d 

d 

d 

OO 

00 

00 

SJ  tN 

O'  — . 

(N  OO  5iJ 
—  »  O' 

d 

d  — ' 

-  d  ® 

os 

so  m 

o 

<N 

—  m 

(N  Tf  (N 

O 

o  o 

o  o  o 

d 

d  d 

d  d  d 

co'^®OTr®0'^®OTr®0'^®0'^gvo  —  r-vD— < 
g-;0®-;q®-;0®-;q®-;0®  —  P®p  —  .q 
HtN  —  ^r4  —  ®fN  —  ®(N  —  ®r'i  —  ®(n'  —  '?rn(N— •r^CN— ^ 

n>fnOOO'0(Noo<nr'-tNOOOO<o>n^cooo'/^mOoo  —  l'£) 
■tS®S’r'0<r’’^'5''^T“'^QO'^vO(Nm'^  —  OfN  —  O  —  mIfN 


73 

O 

t3  'C 
a>  « 
U)  ^ 

§ 

<  o 


H 
02 


Os 


o 

o 

o 

00 

o 

o 

■rr 

o 

o 

(N 

E 

<N 

r- 

00 

VO* 

o 

vd 

d 

00 

rN 

<N 

(N 

VO 

Os 

o 

VO 

VO 

00 

rs 

00 

<N 

r-' 

o 

A 

o 

o 

O 

o 

o 

O 

o 

o 

0^ 

o 

o 

d 

d 

d 

d 

d  ; 

o 

a. 

“  0) 
IT)  Os  ^ 

c 

3 

H  £ 
02  ”  5 
vb 


H 

02 

(Z) 


Cl 

v-i 

o 

(N 

Os 

r- 

S  2 

Os  4> 

>.  H 

r^ 

o 

tT) 

vd 

•d 

vd 

C3 

S  o 

<N  td 

^  ' 

00 

o 

o 

rj- 

o 

o 

p 

O 

00 

d 

d 

d 

d 

—  °- 
5  I 

< 

^  s  - 
02  ^  « 
C/5  'O  a 


Tf 

OS 

s  « 

QS  "? 

i£  ^ 


CL 

B 

H 


tT 

os 

»—  ^ 
fS  4> 

u. 

5  ^ 

«5  ON 


Q. 

£ 

u 

H 


o. 

O  oi 

m 

H  "• 

02  x;  ^ 


fn 

Os 

0\  O 

^  O 


H 

Q£ 

c^ 


(N 


a. 

B 

o 

H 

o 

ed 

0^ 


Ir**  Os 
00  VO 


|o  o 


osooiocN'^r'-oooinrjr^vovoor^TT^ 
os(NT}-»n‘noomoo»/^^mo<N-^^'--Os 
o  —  o  o  o  o  o  p  o  p  p  o 

ooooooooooooooooo 


Os 

iTi 

o 


o 

o 

*n 


Os 

oo 

o 


*ri 

00 


o 

o 


o 

vn 

O 

in 

rr 

OS 

o 

r- 

in 

o 

VO 

00 

OS 

in 

(N 

<N 

os 

p— 

d 

CN 

d 

(N 

d 

— 

* 

— 

•* 

m 

in 

— 

(N 

00 

o 

O 

o 

o 

r- 

(N 

o 

o 

o 

o 

o 

o 

o 

d 

d 

d 

d 

d 

o 

o 

o 

O 

O 

O 

00 

00 

O 

O 

o 

<N 

00 

o 

o^ 

<N 

vs 

(N 

(N 

o 

OS 

•— 

— 

00 

oo 

— 

00 

Os 

rd 

(N 

CN 

rsi 

ri 

d 

O 

.... 

•— 1 

p— 1 

* 

* 

•“ 

O 

o 

o 

o 

o 

o 

o 

b 

O 

o 

<N 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

o 

d 

d 

o 

o 

in 

o^ 

vs 

(N 

VO 

00 

(N 

00 

m 

OS 

r- 

rn 

(N 

l(N 

00 

o 

o 

VO 

o 

o 

.M 

o 

o 

o 

o 

d 

d 

o 

o 

CQ 

u 

< 

pa 

u 

< 

CQ 

u 

< 

03 

u 

< 

CQ 

u 

< 

CQ 

a 

til 

i— 

« 

rN 

<N 

(N 

m 

m 

tT 

TT 

TT 

in 

vs 

vs 

VO 

VO 

VO 

> 

X 

a: 

X 

a: 

a: 

a: 

X 

a: 

a: 

X 

X 

X 

a: 

a: 

a: 

a: 

< 

o 

a 

99 

H 

•«i« 

es 

a> 

s 


152 


ISRT  19  ISRT  20  ISRT  21  ISRT  22  ISRT  23  ISRT  24  ISRT  25  ISRT  26  Averaged 
21-28  Dec  93  8-15  Jan  94  1 9-24  Feb  94  24-30  Mar  94  1 6-24  Apr  94  8-12  May  94  6-11  Jun  94  2-9  Jul  94  Over  Period 


■rec^(N'Or^ON«n*—  o^oo■^fNO^fn»/^oof^Tro 

“■oooooooooooooooooo 

(S . 


VO  VO  00  so  VO  CN 
m 

o  o  p  o  p  p 
o 


o 

o 

o 

o 

o 

VO 

so 

so 

O) 

VO 

p 

rn 

*ri 

rn 

ON 

r^‘ 

r- 

00 

O 

o 

o 

r4 

o 

p 

o 

p 

o 

o 

d 

d 

d 

»n 

o 

wn 

o 

o 

iTi 

o 

(N 

o 

<N 

o 

(N 

cs 

p 

p 

tf) 

p 

so 

d 

so 

SO 

r4 

SO 

00 

ON 

so 

<N 

o 

JN 

so 

o 

o 

o 

o 

o 

o 

O 

o 

p 

o 

o 

d 

d 

d 

d 

d 

d 

d 

tTi 

o 

o 

00 

o 

VT) 

*ri 

— 

d 

1 

d 

1 

d 

d 

d 

1 

IT) 

<N 

<N 

•-H 

O 

o 

o 

O 

o 

o 

o 

o 

d 

d 

d 

d 

d 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

so 

CN 

CN 

<N 

<N 

so 

CN 

o 

o 

p 

p 

VO 

p 

p 

p 

p 

p 

p 

p 

1 

1 

d 

1 

1 

1 

t 

< 

*7 

1 

(N 

SO 

ON 

00 

ON 

VO 

VO 

<N 

•vt 

•— 

mm 

O 

o 

o 

o 

O 

o 

o 

O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

00 

00 

oo 

00 

00 

00 

m 

00 

00 

00 

m 

00 

so 

CN 

CN 

so 

(N 

1 

d 

1 

d 

• 

o 

1 

CN 

1 

d 

• 

ON 

(N 

r- 

CN 

00 

CN 

O 

CN 

(N 

O 

o 

O 

o 

o 

O 

o 

o 

d 

o 

d 

d 

o 

d 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

00 

o 

00 

00 

00 

o 

00 

o 

oo 

so 

so 

VO 

so 

so 

so 

so 

so 

so 

p 

so 

so 

so 

so 

VO 

SO 

o 

d 

d 

d 

d 

1 

d 

d 

t 

d 

d 

d 

1 

o 

d 

d 

d 

d 

1 

d 

1 

(O 

00 

o 

o 

cn 

mm 

00 

CN 

o 

o 

o 

o 

CN 

o 

CN 

o 

CN 

— 

o 

Tf 

mm 

o 

o 

o 

mm 

CN 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

d 

o 

d 

d 

d 

d 

d 

d 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

o 

m 

o 

o 

so 

vn 

so 

O 

d 

— 

d 

ON 

SO 

«— 1 

fn 

o 

o 

o 

o 

o 

d 

d 

d 

d 

ontroi 


154 


5.25  -  7.5  ft  4.25  -  4.5  ft  2  -  2.5  ft  5.25  -  7.5  ft  4.25  -  4.5  ft  2  -  2.5  ft 

02  Rat  Temp  02  Rat  Temp  02  Rat  Temp  02  Rat  Temp  02  Rat  Temp  02  Rat  Temp 

[%/hr]  [degC]  [%/hr]  [degC]  [%/hr]  [degC]  [%/hr]  [degC]  [%/hr]  [degC]  [%/hr]  [degC] 


o 

o 

cn 

ON 

o 

t*** 

cn 

ON 

o 

00 

ON 

ON 

00 

<N 

so 

ON 

<N 

o 

ON 

<N 

so 

so 

o 

*ri 

p 

o 

rs 

r- 

so 

oo 

VO 

o 

o 

so 

r-* 

00 

CN 

in 

(N 

ON 

(N 

SO 

ON 

oo 

so 

o 

in 

oo 

r** 

so 

p 

d 

d 

1 

d 

d 

1 

00 

fN 

d 

d 

d 

1 

d 

1 

00 

d 

^N 

in 

tN 

d 

d 

d 

d 

d 

1 

fN 

in 

ON 

o 

00 

SO 

so 

On 

ON 

00 

VN 

so 

ON 

o 

so 

00 

o 

00 

(N 

CN 

n 

ON 

<N 

<N 

<N 

(N 

(N 

fs 

PM4 

(N 

ON 

o 

o 

O 

o 

o 

o 

o 

*—< 

p 

O 

o 

O 

p 

O 

O 

o 

o 

o 

o 

o 

o 

o 

p 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

(N 

o 

rN 

r*- 

o 

fN 

(N 

o 

so 

00 

o 

VN 

r- 

o 

00 

VO 

o 

in 

o 

00 

00 

00 

in 

o 

m 

o 

so 

T}- 

CN 

o 

o 

<N 

<N 

oo 

fn 

r** 

oo 

00 

o 

so 

o 

00 

o 

"Tt 

o 

so 

QO 

00 

TT 

»— < 

rn 

Tf 

o 

in 

in 

r*^ 

<N 

d 

o 

1 

d 

1 

— 

so* 

rr 

— * 

d 

d 

rn 

in 

in 

d 

d 

d 

1 

d 

On 

cn 

o\ 

r- 

00 

r-- 

r- 

<N 

o 

o 

VN 

so 

in 

in 

00 

00 

m 

,  , 

in 

1/^ 

fn 

so 

*r\ 

VN 

so 

ON 

*n 

in 

in 

m 

ro 

in 

■rt 

so 

o 

o 

o 

O 

o 

o 

•— 1 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

1— 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

o 

o 

m 

ON 

<N 

so 

<N 

00 

o 

o 

00 

o 

00 

o 

o 

in 

fS 

in 

ro 

o 

so 

ON 

so 

fO 

<N 

00 

On 

00 

fS 

CA 

<N 

o 

00 

<N 

o 

00 

00 

00 

r*^ 

OO 

r- 

00 

vd 

fN 

d 

d 

d 

d 

d 

Z! 

r4 

r*^ 

ri 

fN 

d 

d 

d 

v£) 

(N 

r- 

V-l 

<N 

m 

<N 

<N 

r*^ 

ON 

ON 

rr 

o 

On 

On 

On 

so 

in 

00 

m 

<N 

<N 

<N 

o 

SO 

so 

in 

fS 

fM 

in 

r- 

o 

o 

O 

o 

O 

O 

o 

— 

O 

o 

O 

O 

O 

o 

o 

o 

o 

O 

O 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

% 

H  H 


00 

ON 

© 

<N 

so 

00 

ro 

o 

On 

m 

00 

SO 

o 

o 

so 

O 

O 

04 

O 

r- 

oo 

00 

so 

00 

© 

so 

CN 

CO 

© 

r- 

CN 

© 

00 

'S3- 

00 

© 

SO 

00 

ON 

d 

SO 

00 

CN 

d 

00 

fO 

On 

CA 

00 

ri 

1 

d 

1 

(N 

1 

1 

d 

1 

so 

00 

On 

so 

(N 

(N 

<N 

rf 

so 

r- 

rt 

m 

so 

,  . 

CN 

rf 

SO 

CN 

so 

in 

in 

SO 

m 

so 

O 

ro 

fO 

r- 

so 

o 

o 

O 

O 

CN 

o 

p 

*“ 

o 

O 

o 

o 

o 

o 

O 

o 

© 

© 

© 

© 

© 

© 

© 

d 

d 

d 

d 

d 

d 

d 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

in 

p 

so 

so 

00 

o 

'O 

so 

in 

so 

r- 

so 

o 

Tf 

m 

so 

00 

so 

<N 

00 

tT 

o 

On 

ON 

(N 

<N 

m 

(N 

so 

r*- 

00 

«T) 

© 

ON 

Tf 

00 

00 

so 

© 

© 

00 

- 

ON 

00 

so 

so 

00 

ON 

so 

rn 

d 

d 

1 

1 

1 

d 

1 

d 

o 

ON 

o 

in 

o 

00 

OO 

o 

rr 

o 

so 

rN 

m 

© 

rsi 

SO 

<N 

o 

m 

— 

ON 

r-- 

r- 

© 

© 

o 

rN 

o 

CN 

<N 

(N 

(N 

<N 

o 

•— 

— 

o 

m 

o 

© 

© 

© 

© 

© 

© 

© 

d 

d 

d 

d 

d 

d 

d 

o 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

in 

© 

ON 

© 

<N 

fO 

so 

00 

00 

m 

so 

m 

so 

(N 

so 

Tf 

© 

so 

ro 

so 

<N 

O 

TJ- 

On 

© 

O) 

ON 

o 

m 

CN 

so 

m 

00 

m 

m 

t-^ 

m 

00 

© 

© 

CN 

CO 

CO 

so 

On 

so 

so 

SO 

so 

ro 

ro 

so’ 

rn 

so 

d 

d 

1 

d 

1 

d 

1 

d 

1 

d 

SO 

<N 

o 

in 

r*^ 

o 

to 

so 

o 

o 

o 

© 

CN 

m 

00 

m 

r- 

00 

o 

so 

o 

© 

o 

m 

oi 

O 

p 

m 

m 

CN 

cn 

o 

o 

o 

<N 

— 

© 

o 

© 

© 

© 

© 

© 

d 

d 

d 

d 

d 

o 

o 

d 

d 

O 

d 

o 

d 

d 

d 

d 

d 

d 

d 

m 

lO 

00 

ON 

© 

m 

v> 

so 

h- 

00 

On 

o 

fN 

CO 

lO 

© 

wm 

<N 

«s 

fS 

CN 

CN 

CN 

CN 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

4t 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

H 

h 

H 

H 

H 

f- 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

06 

OS 

06  06 

06 

06 

06 

C/3 

C/3 

C/3 

<Z) 

C/3 

c/3 

££ 

C/3 

C/3 

22 

C/3 

C/3 

C/3 

(/3 

Vi 

C/3 

22 

(/) 

C/) 

M 

C/3 

M 

155 


5.25  -  7.5  ft  4.25  -  4.5  ft  2  -  2.5  ft  7  -  7.5  ft  4  -  4.5  ft  2  -  2.5  ft 

02  Rat  Temp  02  Rat  Temp  02  Rat  Temp  02  Rat  Temp  02  Rat  Temp  02  Rat  Temp 

[%/hr]  [degC]  [%/hr]  [deg  C]  [%/hr]  [degC]  [%/hr]  [degC]  [%/hr]  [degC]  [%/hr]  [degC] 


00 

VO 

o 

os 

o 

o 

o 

o 

VO 

o 

Os 

vs 

r- 

o 

o 

vs 

o 

VO 

<N 

(N 

r*^ 

Os 

p 

o 

p 

p 

Os 

r4 

<N 

<N 

ed 

fsi 

vd 

d 

(N 

*-«« 

(N 

VO 

(N 

CN 

vs 

OS 

fn 

<N 

Os 

00 

o 

o 

o 

(N 

o 

o 

O 

o 

O 

o 

o 

p 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

00 

o 

r- 

VO 

o 

o 

vs 

o 

Vi 

00 

00 

m 

Os 

VO 

VO 

Ti- 

rs 

VO 

o 

o 

Os 

(N 

o 

00 

r- 

p 

o 

VO 

vs 

o 

p 

Tf 

VO 

ro 

(N 

00 

o 

00 

d 

d 

d 

<N 

vd 

vs 

f<S 

(N 

rn 

vd 

«M 

1— 

os 

os 

00 

Os 

r^ 

o 

v^ 

OS 

r- 

VO 

o 

CnJ 

<N 

rsi 

vs 

(N 

(N 

fsj 

t^ 

o 

O 

*— 

CA 

(N 

o 

O 

o 

O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

Os 

a> 

o 

r4 

VO 

<N 

o 

VO 

rf 

o 

vs 

VO 

vs 

VO 

rr 

o 

o 

p 

vs 

VO 

fn 

cs 

vs 

r*- 

fS 

00 

00* 

00 

d 

CN 

d 

^* 

d 

***^ 

os 

o 

*ri 

VO 

VO 

o 

o 

r- 

00 

o 

(N 

o 

o 

o 

o 

f»N 

o 

p 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

VO 

o 


^  o 

<N  — 
m  (N 


o  o 
d  d 


o  o 

CN  00 
Os  m  — 

so  (N 


00  ^ 
o  o  o 
d  d  d 


fS  fO 
%  %  % 
H  H  H 
o;  ci^  0^ 


m 

VO 

© 

vs 

vs 

o 

© 

© 

© 

VS 

p 

rf 

© 

fSJ 

© 

00 

rs 

Os 

vs 

(N 

f<S 

r*s 

p 

fS 

VS 

© 

tN 

OS 

(N 

fO 

r-- 

rs 

vs 

© 

vs 

00 

00 

fn 

© 

vs 

vs 

'I' 

00 

© 

1 

1 

00 

d 

d 

d 

1 

o 

1 

© 

1 

vd 

(N 

d 

d 

1 

1 

d 

1 

vs 

— 

m 

o 

vs 

© 

© 

*-• 

vs 

«— « 

1— 

r- 

© 

Os 

vs 

OM 

fN 

'rr 

© 

<N 

rr 

<N 

•— 

<N 

(N 

m 

(N 

© 

© 

© 

(N 

© 

O 

o 

o 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

d 

d 

d 

d 

© 

© 

© 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

m 

© 

Os 

© 

© 

00 

© 

os 

© 

00 

o 

00 

o 

m 

so 

VO 

Tt 

00 

r-* 

os 

m 

© 

m 

tT 

00 

00 

VS 

vs 

rs 

<N 

p 

© 

o 

(N 

© 

© 

Tt 

© 

V) 

d 

1 

d 

t 

d 

1 

CN 

<N 

d 

d 

© 

1 

d 

1 

d 

1 

<N 

rn 

(N 

d 

d 

i 

(N 

i 

1 

d 

1 

CN 

OS 

m 

r- 

os 

VS 

OS 

os 

Vi 

r-* 

© 

Os 

(N 

© 

00 

r4 

vs 

os 

fN 

(N 

1 

00 

<N 

VS 

rj- 

<N 

CM 

VS 

<N 

© 

fN 

<N 

(N 

o 

o 

O 

o 

(N 

© 

© 

© 

© 

© 

© 

— 

— 

© 

© 

© 

o 

© 

© 

O 

O 

o 

d 

d 

d 

d 

d 

O 

d 

d 

o 

d 

d 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

vs 

o 

vs 

r-* 

r4 

00 

(N 

© 

© 

© 

© 

© 

o 

© 

© 

vs 

© 

oo 

fS 

m 

© 

m 

© 

o 

00 

00 

o 

vs 

r** 

© 

o 

© 

© 

(N 

^ . 

00 

00 

00 

n 

© 

© 

r*- 

rr 

© 

(N 

vs 

»— 

m 

O 

d 

1 

d 

1 

© 

<N 

d 

d 

d 

© 

d 

- 

vs 

(N 

d 

d 

1 

d 

d 

1 

d 

r-* 

VO 

tt 

r- 

VS 

os 

VO 

tT 

O 

Os 

CN 

,  , 

m 

os 

vs 

Os 

fN 

m 

vs 

Os 

VO 

rr 

— 

m 

m 

© 

Os 

fN 

rr 

(N 

m 

m 

o 

o 

o 

o 

o 

© 

© 

© 

o 

— 

O 

o 

© 

o 

o 

o 

© 

© 

© 

o 

d 

d 

d 

d 

d 

d 

d 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

lO 

00 

© 

<s 

fO 

MS 

VO 

r-* 

00 

Os 

© 

piN 

IN 

fo 

MS 

VO 

VO 

© 

mm 

mm 

IS 

IN 

IN 

IN 

IN 

IN 

IN 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

Oi 

OS 

OS 

OS 

OS 

OS 

OS 

OS 

OS 

cs 

OS 

OS 

OS 

OS 

OS 

BS 

OS 

OS 

OS  cs 

OS 

OS 

OS 

in 

m 

22 

C/D 

in 

in 

(ZJ 

C/D 

22 

22 

(Z) 

MM 

C/D 

C/D 

c/2 

CZ3 

in 

in 

in 

22 

C/D 

C/D 

c« 

in 

156 


157 


Units  =  [mg-hexane/kg-soil/day] 


•c 

o 

c 

(N 

q 

o 

o^ 

o 

o^ 

q 

<N 

OS 

o 

VO 

q 

'O 

00 

so 

os 

os 

00 

o 

w-> 

VO 

SO 

rr 

o 

o 

q 

VO 

q 

o 

o 

rsj 

o 

O 

o 

00 

o 

o 

00 

(S 

(N 

o 

Os 

X 

— 

<N 

— 

d 

d 

d 

d 

d 

d 

d 

— 

d 

d 

d 

d 

d 

d 

d 

d 

V) 

1 

Simple 

00 

q 

2.861 

1.075 

0.979 

3.110 

o 

d 

8660 

0.038 

0.653 

0.672 

1.478 

1.037 

1.978 

0.288 

6100 

0.038 

0.077 

0.288 

0.269 

0.230 

0.480 

0) 

o; 

»r) 

Tl* 

o 

r- 

VO 

VO 

so 

Os 

in 

so 

m 

VO 

o 

<N 

(N 

so 

o 

fN 

m 

vC 

O 

VO 

so 

VO 

r- 

m 

Tf 

<N 

port 

rr 

o 

<N 

(N 

SO 

os 

y 

C 

OS 

in 

in 

q 

q 

VO 

— 

in 

q 

o 

o 

o 

(N 

m 

5  ft 

E 

d 

<N 

<N 

d 

(N 

(N 

rn 

— 

d 

d 

d 

d 

d 

d 

d 

1 

1/) 

VO 

o 

r- 

00 

00 

— 

o 

OS 

00 

(N 

tT 

o 

in 

cn 

00 

o 

(S 

o 

00 

r- 

o 

<N 

(N 

cn 

m 

00 

Os 

oo 

o 

(N 

o 

m 

o 

m 

m 

00 

V* 

E 

00 

q 

q 

q 

(N 

\q 

rr 

q 

— 

o 

o 

CN 

m 

E 

VO* 

<N 

<N 

Tf 

in 

d 

(N 

(N 

-- 

rn 

— 

d 

d 

d 

d 

d 

d 

d 

o 

Tf 

<n 

00 

(N 

<N 

o 

VO 

o 

(N 

00 

O 

m 

o 

00 

m 

00 

pC 

u 

c 

oo 

(N 

o 

Os 

SO 

o 

VO 

«— rt 

o 

<N 

m 

00 

O 

oo 

o 

CN 

os 

o 

m 

q 

so 

q 

ro 

q 

q 

fS 

o 

q 

q 

o 

q 

q 

p— 

q 

CN 

o 

SO 

oo 

CN 

c: 

tn 

E 

•-N 

d 

p-p> 

r-’ 

so 

in 

d 

d 

ri 

rn 

<N 

d 

d 

d 

d 

d 

d 

d 

'  «u 

to  ”7^ 

00 

CN 

m 

00 

in 

o 

m 

o 

o 

SO 

CN 

O 

os 

o 

»n 

in 

o 

CN  9- 

in 

Tf 

OS 

p— 

pp^ 

o 

VO 

•-M 

o 

m 

m 

p-prt 

o 

so 

o 

Os 

00 

m 

lO  .§ 

q 

VO 

q 

q 

q 

cn 

o 

q 

q 

o 

q 

q 

— 

o 

CN 

o 

in 

00 

m 

CN 

E 

d 

— 

vd 

»n 

r-‘ 

d 

-- 

— 

d 

CN 

rn 

CN 

d 

d 

d 

d 

d 

d 

d 

<N 

■O  VO 

00 

OS 

o 

«  CN 

«M 

rO 

to 

SO 

r- 

mm 

oe 

mm 

OS 

M* 

o 

CN 

CN 

CN 

CN 

fO 

CN 

CN 

to 

CN 

so 

CN 

% 

% 

3t 

% 

%  % 

% 

% 

% 

% 

%  % 

W: 

% 

% 

% 

% 

% 

% 

% 

% 

3t 

% 

% 

% 

% 

H 

H 

H 

H 

H  H 

H 

H 

H 

H 

H  H 

H 

H 

H 

H 

H 

B- 

H 

H 

H 

H 

H 

H 

H 

H 

OS 

OS 

OS 

OS 

OS  OS 

QS 

QS 

OS 

OS 

OS  DS 

as 

OS 

OS 

OS 

OS  DS 

OS 

OS 

OS 

os 

CS 

OS 

OS 

OS 

CO 

CO 

CO 

CO 

an* 

CO  CO 

MM 

JO 

JO 

CO 

CO  CO 

CO 

CO 

mm 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

mm 

158 


Units  =  [mg-hexane/kg-soil/day] 


5^ 


u 

a 

R 


H 


R 

U 


B 


VO 

VO 

00 

o 

VO 

ON 

*r) 

ON 

o 

o 

o 

m 

ON 

00 

VO 

*0 

VO 

f— 

o 

o 

,-1 

o 

o 

o 

o 

o 

o 

o 

00 

VO 

o 

ON 

o 

fn 

ON 

m 

cn 

os 

00 

VO 

rr 

VO 

r-* 

rr 

VO 

o 

o 

o 

o 

ri 

ro 

o 

d 

d 

d 

00 

*ri 

rf 

o 

VO 

00 

os 

o 

00 

(N 

ro 

VO 

ON 

00 

o 

in 

VO 

VO 

ON 

o 

*ri 

*ri 

rr 

o 

o 

Os 

Os 

m 

ri 

d 

r4 

cvi 

vd 

00 

d 

d 

d 

... 

r- 

00 

<n 

o 

VD 

TJ* 

00 

00 

ON 

00 

m 

m 

*n 

o 

00 

<S 

<N 

VO 

VO 

OS 

m 

in 

m 

p 

O 

o 

p 

rr 

r4 

d 

(N 

<n 

(N 

vd 

On* 

d 

d 

d 

O 

fn 

00 

<N 

m 

On 

o 

VO 

o 

o 

Os 

<N 

o 

Os 

o 

o 

«« 

in 

«n 

o 

f-iN 

(N 

p 

in 

o 

p 

o 

rn 

d 

d 

<N 

ni 

(N 

ri 

d 

d 

d 

r*- 

m 

o 

o 

00 

o 

r- 

m 

in 

O 

o 

Os 

r- 

o 

eN 

o 

o 

o 

rr 

o 

f— . 

nj 

oo 

in 

p 

o 

o 

fn 

fn 

d 

d 

(N 

r4 

(N 

d 

d 

d 

O 


00 

rs 

«n 

VO 

TT 

ON 

o 

o 

r-- 

Os 

eN 

© 

o 

(N 

—  s  § 

o 

o 

o 

(N 

r-* 

On 

(N 

(n 

00 

© 

(N 

ON 

00 

fN  ©  ■«r 

O' 

00 

m 

T1* 

in 

rt 

•* 

M 

© 

d 

d 

—  ©  d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

■2.5 

fo 

VO 

fN 

o 

*0. 

00 

(N 

m 

© 

E 

00 

d 

00 

d 

© 

© 

0) 

(N 

© 

© 

© 

m 

(N 

O 

r- 

© 

© 

U 

c 

© 

VO 

m 

d 

s 

m 

fS 

00 

m 

o. 

© 

<N 

© 

m 

E 

p 

00 

— 

in 

m 

•— 

-- 

d 

— 

a> 

0) 

© 

,  , 

«n 

00 

<N 

m 

o 

(N 

<N 

fN 

© 

m 

© 

00 

r* 

O 

a 

1/5 

5 

f— 

d 

d 

d 

•— 1 

1 

<s 

<N 

m 

r- 

O. 

*■«« 

ro 

00 

00 

© 

fn 

E 

m 

© 

00 

r- 

© 

© 

C/3 

— 

d 

d 

d 

— 

O 

<N 

00 

00 

(N 

m 

© 

m 

© 

m 

m 

© 

m 

00 

00 

© 

VO 

© 

© 

00 

© 

© 

(N 

IM 

© 

© 

fn 

© 

r*- 

in 

— ■ 

rt 

m 

fn 

— 

o 

© 

© 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

© 

<N 

rr 

<N 

VO 

<N 

© 

(N 

VO 

m 

© 

00 

m 

00 

oo 

O 

© 

© 

fn 

© 

© 

© 

Tf 

© 

oo 

Tf 

p 

© 

in 

<n 

in 

VO 

— 

rn 

© 

r- 

m 

in 

(N 

<n 

m 

fN 

tT 

© 

d 

d 

d 

d 

(N 

d 

d 

d 

d 

d 

d 

d 

00 

00 

© 

OO 

oo 

00 

00 

o 

00 

r- 

o 

© 

m 

00 

— ■ 

m 

(N 

m 

© 

m 

•— 

m 

00 

m 

m 

© 

in 

fN 

m 

m 

•— 

m 

© 

in 

in 

(N 

(N 

in 

fN 

d 

d 

d 

d 

d 

(N 

d 

d 

d 

© 

d 

d 

d 

© 

VO 

(N 

VO 

r*^ 

m 

•It 

m 

o 

TT 

fN 

VO 

© 

00 

© 

00 

<N 

00 

00 

© 

r- 

fN 

© 

1!3- 

00 

© 

oo 

<N 

© 

m 

VO 

VO 

© 

r*^ 

tT 

00 

<N 

in 

r-* 

— 

— 

d 

d 

d 

d 

— 

•J 

d 

d 

d 

d 

d 

d 

d 

<N 

00 

m 

© 

oo 

© 

fN 

r*- 

© 

00 

© 

fN 

VO 

rr 

rr 

© 

m 

in 

<n 

<N 

fN 

oo 

in 

rr 

r- 

00 

<N 

© 

m 

VO 

VO 

© 

Tj- 

fN 

in 

r- 

© 

© 

d 

d 

d 

— 

d 

d 

d 

d 

d 

d 

d 

.. 

fS 

f<3 

1/5 

VO 

r- 

00 

© 

© 

fS 

fn 

m 

VO 

r-- 

00 

MR 

© 

© 

fS 

fS 

<N 

<N 

fo 

fN 

1 

fN 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

4t 

% 

%  : 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

f- 

H 

H 

H 

H 

H 

f- 

H 

H 

H 

H 

H 

H 

a 

Q£ 

Qi 

o:  Q£ 

Di 

oi 

0£ 

Qi  ec 

02 

b: 

oc 

C£ 

tt  B£ 

a 

02 

02 

02 

02 

02  1 

(n 

C/5 

C/5 

C/) 

c/5 

MR 

c/5 

C/5 

C/3 

eg 

C/3 

C/3 

C/5 

C/3 

eg 

C/3 

C/5 

eg 

c/3 

C/3 

C/5 

22 

C/3 

C/5  1 

159 


SRT#  25  0.941  0.988  0.230  0.240  0.211  0.217  1.421  1.422  0.000  0.000 

SRT#  26  1.382  1.416  0.019  0.020  0.019  0.019  1.344  1.335  0.442  0.431 
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